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I. INTRODUCTION 

Until recently, few alternatives existed for the use of 
Mama itc OL plleWUMatic actuators an pramary flight control 
appiications. However, advances made in the field of rare 
earth, permanent magnet materials and in high power Semicon- 
ductor transistor technology has made possible the use o£ 
electromechanical actuators as a practical alternative. 
Utiiizing scare earth (specifically, SaMarium cobalt) 
Magnetic material within a brushless dc motor design 
provides a prime mover in ‘flight control applications 
offering superior performance characteristics over electroh- 
ydraulic systems. 

Elimination of tke brush type commutation scheme within 
the dc motor provides numerous advantages: 1) higher rated 
motor speed along with a reduction in weight and volume for 
a given horsepower, 2) the ability to use permanent magnet 
rotors instead of a rotating armature winding, combined with 
the elimination of the brush assembly translates into 
design, implementation and maintenance Simplifications, 3) 
Sioce there are no brushes, NOe3.7 Cin awash OCCUL p,eshence 
allowing motor operation in hazardous environments, and 4) 
improved thermal characteristics, as losses (ohmic. and 
core), which arise primarily within the stationary portion 
of the machine, are easily dissipated through the stator 
housing. 

Use of the brushless dc machines does not come without 
cerain disadvantages, chief among them -teing the cost and 
the uncertain availability of the Samarium cobalt materiai 
PoaecoOLOorn Construction. As an aside, a recent study was 
conducted in which the performance characteristics of both a 


ferrite and a samarium cobalt type dc motor were 
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investiyated [Ref. 1}. The research conducted demonsemaees 
the superiority of the samarium cobalt design, and hence its 
desirability for present and “amiggre applicatione. An 
additional disadvantage accrues from the fract that motor 
commutation must be accomplished 2alectronically, resulting 
in an increase in the complexity of the design of the motor 
controller, with a commensurate increase in the cost of its 
implementation. 

This study will concentrate on the power control of 
brushless dc motors utilizing a pulsed power approach. Power 
pulse control of dc motors, petter known as pulsewidth modu- 
lation (EWM), utilizes as an input to the motor, voltage or 
current pulses with the pulse duration being controlled. 
Pulsewidth modulation offers considerable advantages in the 
CONtIOL Of Bde. 062 Crs. Which will be outlined in the 
following chapter. The research was conducted utilizing a 
computer model of a 3-phase, 4 pole brushless ac motor, 
which was developed by Thomas in a related study [Ref. 2}. 

it is to be noted that this research project represents 
only one part of an ongoing effort to accurately simuiate 


tne use of a brushless dc motor as an electromagnetic actu- 


ator for use in advanced missile control systems. While 
electromagnetic actuators have previously seen use in 
missile projects such as HARM and Condor, these actuators 


have keen too large and have had too slow a response for 
higu torque applications as are found in the AMRAAM 
(Advanced Medium Range Air to Air Missile) project [Ref. 3]. 
The overall aim of the entire research program is to help 
exploit the technological opportunity which exists within 
rare earth permanent magnet dc machines in the role of elec- 
tromechanical actuators for use in guided missile control 


applications. 
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If. PULSEWIDTH MODULATION 

Pulsewidth modulated switching amplifiers offer conrsid- 
erable advantages in tne control of dc motors. Bertore 
describing the technigues used in simulating the pulsewidth 
modulated control of the computer model mentioned previ- 
ously, it will be important first to outline the basic prin- 


ciples and characteristics of puisewidth modulation. 


Aw. PULSEWIDTH MODULATION PRINCIPLES 


The pulsewidth modulation scheme utilizes transistors in 
the switching mode, whereby the transistors are switched 
meo and Out of Saturation. This switching action results 
in the minimization cf power losses in the transistors, with 
a savings realized in reduced heat sinking requirements and 
in the usage of less expensive power transistors. Since the 
power transistors are switched on and off at a frequency 
beyond the system bandwidth, the motor will filter the high 
frequency components of the modulated signal and respond 
only to the signal's low freyuency components. 

Closing a feedback loop around the pulsewidth modulated 
amplifier results in the amplifier behaving as either a 
current or a voltage source. The feedback loop allows the 
motor to be connected with the amplifier through additional 
series inductance, resultiny ina smoothing of any current 
ripple. The feedback loop also allows for easy current 
limiting, merely by limiting the output of the feedback 
Summing amplifier. Finally, a feedback ioop provides output 
Pig@@i CLEGULt protection, as the output current is deter- 
mined by the input voltage without regards to the output 


impedance. 
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B. MODULATION TECHNIQUES 


There are two basic methods for obtaining a pulsewidth 


modulated signal. 


1. 


+93 


he Dither Method 


The first technisue reyuires that the input signal 
(Xo), be added to a high freyuency sawtooth signal (also 
known aS a dither signal). Arter summing, the resuitant 
signal (Y¥1), is fed into a relay element. The relay element 
converts the summed signal into a two ievel output (Y2), 
which then switches from +V to <-V whenever Y1 experiences a 
zero crossing, aS Showr in Figure 2.1. 

The duty cycle (a) of the output signal is related 
to the input signal and magnitude (E) of the sawtooth signal 
Dye 


a = /(2 + X)/ZE (egGn 2s 


Utilizing this technigue has as an advantage the fact that 
one May control the frequency of the supplied sawtooth 
signal without any changes to the motor controller 


eplig(eulshere wy 
2. Zhe Limit Cycle Method 


The second technique for producing a pulsewidth 
modulated signal is by closing a feedback loop around a two 
level switch. The feedback signal causes the system to 
exhibit high freyuency limit cycle behavior. Taki ng ee 
velocity control system as an example, if the velocity error 
Signal (reference signal minus the actual velocity) were 
negative, indicating that the velocity was too high, the 
output signal from the switch would tnen serve to drive the 


velocity lower. As the velocity of the system dropped below 


Us 





time 


time 





| 
| 
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Prague 2. t Creation of a PWM Signal 





= Eee SS ee SS ee cm ee ESSE See eS 


14 


the reference level, the error Signal would tren become 
positive, causing the ouput of the switch to change @tage. 
and conseguently force the velocity to once again inememece 
In this manner the switch output would thus exhibit oscilla- 
tions, describing a fulsetrain whose frequency is determined 
by the voltage levels at which tae Switch operates and by 
the dynamics in the feedpack path. The frequency of the 
velocity waveform would necessarily be the same as that oz 
the output of the switch, and under steady state conditions 
would become constant and periodic. The pulsewidth of the 
Signal at the output of the Switch 1s dependent ufcon 
Specific system dynamics. For tae case of a d.c. wm@tem 
operating under load, the pulsewidth is directly related to 
the lead on the motor. The specific details of a limt 


cycle velocity contrcl scheme is examined in Chapter 3. 


C. ANALYSIS OF THE PULSEWIDTH MODULATED SIGNAL 


A diagram of an ideal dc motor is shown in figure 2.2. 
The "freewheeling" diode (FWD) serves to bypass the motor 
dumzaing the fpulse G£E persody allowing the armature current 
to circulate. Figure 2.3 showS the typical steady Stare 
current and voltage relationship in a pulsewidtao control 
scenario. 

Because the supply voltage 1s being switched at frequen- 
cles typically on the order of magnitude of 5 KHz, it is 
important to study the power losses within the motor with 
the power being pulsed on and off. A £irst approximations 
the evaluation of power losses due to heating within the 


armature resistance is seen in eyuation 2.2. 


Eon Huey) (eqn 2.2) 


les 


ChOPEER NV 


Me 


Ve wo Z\ L 


EE ee 


Figure 2.2 Basic DC Motor Schematic 





We may now define the current form factor (k) as the ratio 


of the KMS current to the average current: 


kK = tee c/s (egcn 2.3) 


Developed motor torque is directly proportional to motor 
cucrent (equation 2.4), allowing motor losses (under Pim 


conditions) to be describei as in eguation 2.5. 


Ki *lave (eqn 2.4) 


Py RS Fee ees (egn 2.5) 


Substituting equation 2.4 into eguation 2.5 demonstrates 
that motor losses are dependent on the current form factor 


and the output motor torgue, as seen below: 


= 2)*k 27 2 
Ps (R/K | sk ae (egn 2.6) 
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Figube 2.4 PHM Steady State Behavior 


The motor form factor has a large influence on motor 
heating and hence, power losses. Since performance in speed 
control systems is often limited by power dissipation 
constraints, it is important to determine the forn f acteE 
for a given PNM scheme. Tue relationship between motor 
armature losses and form factor is shown in Figure 2.4 
[Refs 4}. 

In order to determine the form factor for a given 
systen, one must first be able to determine a systen's 
average and RMS currents. The differential equations 
describing the motor action for the basic dc motor system 
(aS seen in Figure 2.2) are as follows: 


Pulse on: Ldi/fdt = V - RI - Ky *w (eqn 2.7) 
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Figure 2.4 Additional Armature Losses vs. Form Factor 
Pulse off: Ldi/fdt = RI - Kp*w (egn 2.8) 
where KE ais the counter enf constant and wis the notor 


speed. Solving the differential equation for motor current 
(and referring to Figure 2.3) yields: 


Pulse on: I = Ir. a (I = I oof OXP(-t/t) (egn 2.9) 


Pulse cfi: I 


eae eee t7t,) - 2 Ceam) 22 10) 
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where tn is the system electrical time constant, 


= = me 
Ee (V - K,*w)/R 
and 
= R " 
I. Ky wW/K 


The average and RMS currents are then: 


es = (ai. ~ bI) JE 


a = (PEt * SS “a Moa? Fy?) 


where 
a= ti *in((l - I vt -1)) 
jae t *1n (I + TAL | o 1 e 
TOCme eae) aie) 
I.= (i +1) 


and 1/P is the switching frequency. 
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AS a means of demonstrating the viability of PwWH control 
of dc motors, Simulations were conducted usinj fixed dutv 
cycle power pulses to determine the relationship between 
form factor and motor load torque. A computer program was 
written to analyze the output motor current waveshape for 
the average and rms currents utilizing relationships 
detailed in this section. The program used to compute these 
currents may be found in Appendix C. Figures Zoo mee 2. © 
snow tnat the form factor rapidly approaches unity as the 
load on the motor is increased, indicating that the motor is 
experiencing only slight additional losses (in terms of 
percentages) due to the power pulsing erfect as compared 
with a constant voltage supply arrangement. It 1s aiso 
pointed out that the motor runs more efficiently (lower forn 
factor) at higher frequencies for a given load torgue. This 
is due to the fact that as the motor is pulsed more 
frequently, the motor speed will not drop off as fast and 
hence, the energy required to move the mass of the rotor 
back to its steady state speed wili not be as_ great. 
However, switching losses in the transistors will usually 


limit the switching frequency to less than ten KHz. 
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III. PULSEWIDTH MODULATED SPEED CONTROL 

The ability of a dc motor to Maintain a given Speec ai 
a load torque is applied is generally referrei to as speed 
regulaticn. Although a dc motor by itself is an open Poop 
system, the prescence of the back electromotive force (cemf) 
Signal serves to close a natural, "built-in", feedback loop, 
as shown in Figure 3.1 However, because the dc motor is 
intrinsically an open loop system with relatively constant 
power input, as the load torgue increases, the speed wale 
decreaSe, and hence, no speed regulation may be achieved. 
In order to maintain a constant speed, the input power must 


increase with the apflied load. 





Beguine sat Block Diagram of a Basic DC Motor 


Figure 3.2 illustrates the basic principle behamd 


pulsewidth modulated amplifiers. What 1S important to note 


ZS 


is that as the load cn the system increases, the duty cycle 
SEs DUlSeWwrath OL the input signal also increases. One 
maeognit then, 2s. to attempt motor Speed control by deter- 
Mining which motor parameters are changing relative to 
varying loads and to then make pulsewidth a function of one 
or more of those parameters. Because motor current varies 
dinearly with load torgue, some form of current feedback 
appears to be the logical selection for implementation of a 
speed control scheme. A specific current feedback control 
techniyue waS investigated, as well as a limit cycle control 


method, the details of which will now be presented. 
a = Zo Le time 


no load voltage 


. 45 : time 


heavy load voltage 


Figure 3.2 Pulse Width as a Function of Load Torgue 
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As CURRENT SPiurbpere. 


Prior to developing any specific control schemes, 
studies were conducted of motor behavior relative to a fixed 
pulsewidth power pulsed input, at a frequency of 5 Kaze 
Motor speed was found, as in the case of constant supply 
voltage, tovary linearly with load torygue , as shown in 
Figukeoms 3: AS an aside, all studies were conducted with 
the load torques ranging from zero to eighty ounce-inches, 
as this ranye represented the linear range of operation for 
the motor modelled in the Thomas study [Ref. 2]. The plot 
of average current vs. load torgue for the fixed pulsewidth 
Simulations are shown in Figure 3.4. 

Studying the curves found in Figures 3.3 and 3.4 led to 
the conclusion that a scheme for speed control of the motor 
could be developed with the pulsewidth being made directly 
proportional to the average motor current. The basic form 


or the motor pulsewidth was decided to be as follows: 
BW > 2Cr 2 ee (e¢n 325 


The motor parameters found in equation 3.1 may be defined as 


follows: 


PW = the input pulsewidth (duty cycle) 

ae = average motor current 

DCF = a dec term which establishes no load speed 
K = the current feedback constant 


It was decided that the motor would run at a minimum of 
50% duty cycle pulses to minimize power losses which would 
eccur at smaller duty cycles in light load conditions. "Wagan 
a frequency set at 5 KHz, this necessarily Fixed no load 
speed “at approximately 15) eamen- Since large current tran- 


Sients could be expected when the motor was started or when 
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Figure’ 2.3 Motor Speed vs. Load Torque (fixed pulse width) 
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the load condition was changed, aplimiterswas wre teen arto 
the simulation program to set the maximum pulsewidtn at just 
less than the 100% duty cycle point. It was not set at 100% 
due to difficulties encountered With the Simulation 
lanyuage. Other additions to the basic computer model 
included a limiter to prevent pulsewidths with less than 50% 
duty cycles as well as a current limiter to prevent negative 
currents. The latter was added to Simulate the effect of 
the addition of the "freewheeling" diode described in the 
preceding chapter. 

To set the no load speed at 1375, it was necessary to 
obtain parameters that would establish PW egual to  .5 at 
zero load torque. The value of K was determined fron 
Figures 3.3 and 3.4 by noting that the 75% duty cycle condi- 
tion, at approximately 1350 rpm, occurred at a load torcue 
oz 40.0 oz-ins, which also corresponded to an average motor 
current of 2.50 amperes. Settee? to ./Seand DCF to .48 
in eqn. 3.1 led to a K value of .107. A value of DCF of .48 
results in an approximately 50% pulsewidth modulated signal, 
as no load motor current 1S approximately .002 amps. It was 
felt that higher speeds could then be achieved by increasing 
DCF, as the basic relationship between pulsewidth and speed 
appeared linear for any given load torque. 

Extensive Simulations were coniucted utilizing the feed- 

ack centrol relationship as shown in equation 3.2. Graphic 


results for these simulation trials are shown in Figure 3.5. 
=. i 3 
PW 48 + (I_o. 107) (egn 3.2) 


Peseta e VemevIOent L£LOm Piguce 3.5 that the control 
scheme utilized performed unsatisfactoriliy for its task of 
Maintaining constant speed throughout the given range of 
load torgues. While certain variations might have been 


expected inthe output speed, the results demonstrated 
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nonlinearities in mctor performance wnich were clearly 
unsuitable for its given application. One of the major 
probiems encountered with this control scneme stenmed from 
the fact that the averaye current was used as a feedback 
parameter, rather than the actual motor current (the rasp 
present in the motor current was deemed to bewtoe hign fomme 
used in a velocity control scheme based on current feed- 
Pane) ae The average motor current proved to be unsatisiac- 
tory for the given task for two reasons: 1) average motor 
current reguires time to approach the system's actual 
average current value due to the changes to the current 
incurred by transients such as are caused by changes to the 
system's steady state behavicr and thus adds significantly 
to the motor's settling time to variances in load ee 
commanded speed, and 2) apparent nonlinearities which would 
appear if pulse duty cycle were plotted as a function of 
load torgue, which runs contrary to the initial assumptions 
upon which the contrcl scheme was devised. 


Be. VELOCITY LIMIT TECHNIQUE 


The velocity limit control scheme has been developed 
under the assumption that a pure velocity command kas been 
issued by the motor control logic. It is recognized that 
other systems might issue torgue commands to the motor in 
response to a generated missile fin position error signal 
and the current motor speed. Simulation of the complete 
electromechanical actuator is not the intent of this thesis, 
and hence, will not be attempted here. The schematic 
diagram for the network used to implement the limit control 
scheme 25 Shown in Paqwecmeo. This network will control 
the motor speed in such a way that if speed is below its 
commanded level (plus a pre-defined tolerance), the power to 


the motor is turned on. If the motor speed rises above this 


ae 


QO OSH 


0: 


ee 
GG 


rT 


O'OOFT 





\ 


Oy Gut O'OSEI O GSaut 
(Nd) GAXdS YOLON 








O'OObT 








80. 


0e0 


0.0 


i 
O'Sicl 0 O%GT 


LOAD TORQUE (0Z-INS) 


—e ee, ee ee > ee oe er em eee ee ee ee Sel etc 


al dees 


Figure 3.5 


Motor Speed vs. Load Torgue (current feedback) 
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set point, the power is turned off. The controlled velocity 


waveshape is diagrammed in Figure 3./?7. 


een eee Te a nnn 
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Figure 3.6 Schematic Diagram Of Pulsewidth Modulator 


Cperation of the system in the limit mode is relatively 
stcaightforward. Referring to Figure 3.7, 1f the motor 
speed is below (VCOM + VTOL), transistor OM is switched on, 
allowiny motor current to flow. When the speed reaches 
(VCOM + VTOL), QM is switched off, which then induces a 
lacge voltage across the inductor terminals, OWing to a 
rapid rate of change in the inductor current. This induced 
voltage turns on diode DM, which provides a path for the 
decayiny motor current. When motor speed decays past (VCOM 
- VICL), OM 1S SWitched back “on aigaan-. Transistor QB ama 
diode DB are utilized when the motor is operated in the 
regenerative braking mode of operation. In this mode, the 


dc motor is used as a generator as the inertia of the rotor 
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Fagure 3.57 Motor Velocity Waveshape 


1s converted into electrical energy to charge the system's 
dc voltage supply while controlliny the braking of the 
rotating masses. Again, how this mode is utilized isa 
functicn of the deSign of the motor's electromechanical 
actuator, and will not be further commented upon. The 
control of transistors QB and QM can be accomplished 
utilizing voltage comparators, where one input is a voltage 
properticnal to the commanded speed plus the allowed speed 
tolerance, while the other input is a voltage proportional 
to the actual motor speed. What becomes important to 
realize now is that the pulsewidth and the pulse frequency 
are beth variable, and will be dependent on Certain dynamics 


of the system. 
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A trial simulation was conducted using the Pimit conve 
scheme. The speed tolerance was set at five rpm, and the 
commanded speed was set to 1400 rpm. Table I contains the 
results of the simulation. This data is also represented 
graphically in Figure 3.8. Loading of the motor was accon- 
plished using a terminated ramp signal; the terminal vaiue 
of the ramp is the desired motor ioading. The speed accu- 
racy of the motor is defined as the difiterence between eae 


Maximum and minimum motor speed divided by the commanded 


speed. 
TABLE I 
Motor Characteristics 
Load Torque Speed (rp2). % accuracy 
(OZ=ihy maxinun Miniloua 
20 1416.0 N36 3 Ze 
iar. 0 1418.2 Oreo o 3.00 
oz. 0 eg 136 3c 1 3.44 
48.0 1416.1 lobo .2 Se 
64.0 1414.3 262. 1 Sie 
80.0 1409.6 W350. 0 oo 


The resuits of the initial simuiations indicates that 
positive ccntrol of the commanded motor speed may be 
accomplished utilizing the limit cycle method. All furs 
Studies are therefore based on a computer model wnose speed 
1s controlled in this manner. 

Studies of system characteristics (pulsewidth, pulse 
frequency, speed regulation) are presented in detail in the 
next chapter in order to better define the operational 
enevelope of the modeiled dc motor using the velocity limit 
control scheme. Addittionally, the effects of the addition 
of series inductance are also investigated to determine its 


affects in regards to ripple reduction. 
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IV. PERFORMANCE OPTIMIZATION 

The simulations described at the end of the previous 
Chapter were not necessarily indicative of the optimum 
performance potential of the modelled dc motor. It apvears 
evident that there must exist means by which the current 
ripple and the speed regulation may be respectively reduced 
and improved. One way to achieve improved speed accuracy 
(which implies that the ripple present in the motor velocity 
is reduced) is to decrease the speed tolerances established 
for motor operation. The effects of the variation of the 
speed tclearnce settings will be examined shortly. However, 
to reduce the current ripple, which in turn translates to 
reduced power losses in the motor, it has been suggested 
that one must add inductance in series with the motor arma- 
ture [Ref. 5]. The effect of the addition of series induces 
tance oon motor performance is studied in the ‘following 


section. 


Ae. ADDITION OF SERIES INDUCTANCE 


A dimensionless current ripple may be defined as the 
curent ripple multiplied by the motor armature resistance 
and divided by the supply voltage. The current riprle 
itself is defined as the difference between the current at 
the time the motor is pulsed on and the time when the motor 
is pulsed off, Or Simply as the difference between the 


minimum and maximum currents, as follows: 


T= ita — 10 (eqn 421) 
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For the case where only one power supply is used (unidirec- 
tional drive), dimensionless current ripple (ij) may be 


defined as follows: 


1, = (1+exp(-t,) ~exp(-a*t.)-exp((i-a) ty) )/g (egn 4.2) 
where: 

t_ = L/R (ecn 4.3) 
and 

c— | - exp(-t,) (egn 4.4) 


Dimensionless current ripple may be plotted versus’ the 
pulsewidth, or duty cycle, with the ratio of the period of 
the PWM signal to the electrical time constant, tau, to form 
a family of curves, as in Figure 4.1. 

As can be seen from Figure 4.1, the magnitude of the 
current ripple depends to a great extent upon the ratio of 
the pulse period to the motor electrical time constant. We 
should therefore expect that that reduction of the motor 
current ripple can be accomplished throuyh the addition of 
series inductance, which reduces the magintude of tau. 

The effect of adding series inductance to the motor may 
be seen by writing the differential equations for the 
Simplified circuit diagram of a dc motor as shown in Figure 
4.2. Applyiny Kirchoff's Law and summing voltages around 
the lcop results in a current-voltage relationship as shown 


@ 


in equation 4.5; 
V = (L + L1)divdt + Rit Kw (eqn 4.5) 


Taking the Laplace transform of eguation 4.5 yields: 
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Figure 4.1 Current Ripple vs. Pulse Duty Cycle 
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is) eaeo Let oye et RI (Ss) + Rw (Ss) (eqn 4.6) 


Poevrngeequdtion 426) fOr motor current yields: 


ieee Gly me) + R))- (VCs) - K.W(s)) (eqn 4.7) 


From eyuation 4.7 the electrical time constant 1s: 


oe (1 + LIpR (eqn 4.8) 


R | 

Vy : 

. 
Figure 4.2 Basic DC Motor Circuit Diagram 


It 1s tc be noted that the ,revious derivation ignores 
the affect of the resistance which will accompany the 
additional series inductance. However, i1t will be assumed 
that a value for the electrical time constant may be sét as 
in equation 4.8 through careful selection of the type and 


gGuantity of series inductance added to the motor. 
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To test the erfects of the addition of series induc- 
tance, the computer model was modified to reflect the addi- 
tion of inductance eyual in magnitude to the inductance 
present in the motor's windings (ignoring the change in the 
total resistance for the reasons mentioned above). 
Simulations were then conducted throuyhout the load torgue 
ranye of from zerce to eighty ounce-inches with motor 
velocity set at at 1400 rpm (approximately half of the 
motor's no load speed) and speed tolerance set to +1 rpm. 
Table II summarizes the results of these simulation trials. 
The data for simulations made without the additionai induc- 
tance iS shown in Table III and is included for sake of 


Comparison with the data in Table II. 


TABLE IL 


Inductance Effects on Motor Operation 


Load Torgue Iave aes FOEn facror Current 
(oZ-1nS) (amps) (amps) Ripple "Ga 
OB Ore a G54 le e16 - 1100 

léee0 Or 2 oS 1.131 ler i3g 0874 
320 Ae Oy Ze U2 1.055 0948 
48.0 Se 23 3.064 Varalez . 0 Siew 
64.0 4.009 4.028 le oi0> 07a 

SUELO er Ud | 9.0 37 1.004 « 1295 

TABLE IIL 


Motor Performance (no series inductance) 


Load Torgue ave Irms Form Factor CUrbene 
(oz-ins) (amps) (amps) Ripple (%) 
05.0 0.179 0.347 1649.39 a3 26 

16. 1. One 1.10 1 1.081 SU Se, 

32.0 leo 2 a0ao or 2 ee 

48.0 aero 4S Jo 1.008 22a 

64.0 4.028 4.040 1.003 0 

80.0 See d= Gio Pein 2289 


Sg 


a ea Se Se eee 
ep ——_—— a nn ee a 


DIMENSIONLESS CURRENT RIPPLE 





Div NSN LESS CURKENT RIPPLE 


ay 

a) ie ee a: a: 

<i : 
ae : 
ry 

= = 

oS 

> 

& 

=> 


220 15.0 nO 0) 45.0 D0) 69.0 Ze) 
LOAD TORQUE (0Z-INS) 


Figure 4.3 Inductance Effects on Current Ripple 


4Q 


Examination of the data in Tables II and III demon- 
strates clearly the ripple reduction obtained through the 
addition of the series inductance. Motor form factor was 
calculated to show that ower losses(at low load) in the 
transistors are also reduced, and tnuS represents an addi- 
tional benefit gained rrom the added inductance. However, 
while series inductance will reduce the current ripple 
without affecting steady state behavior, it will have an 
affect on the transient behavior of the system, aS will now 
be Shown. 

Assuming now that the system iS operating in steady 
state, a step input ccmmand (such as a change in the motor's 
commanded velocity) will force the pulsewidth modulated 
Signal to the full on condition. The response of the system 
will now be limited by the motor's electrical time constant. 
In the case where series inductance has been added to the 
system, the response of the motor to a step input will be 
Slower than if the additional series inductance were not 
present. 

To test this effect, simulation trials were conducted 
where the motor was allowei to achieve a steady state Speed 
of 1000 rpm and then was subjected a step input command to 
increase motor speed to 1400 rpm. Toruue load was 32 oz-ins 
and the speed tolerance setting was + 1. The response time, 
or the time reguired for the motor to settle at the new 
commanded speed, waS measured for trials in the m»otor's 
Standard configuraticn and for the case where series induc- 
tance was added. For the first case, where there was no 
additional inductance, the response time was measured at 
approximately 2.5 milliseconds. When series inductance was 
added to the system, the response time slowed to approxi- 
mately five milliseconds. Thus if one decides to add series 
inductance to the motor to reduce tne current ripple 


effects, that decision must be tempered by the fact that the 
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transient response cf the system will cnange due to the 


change in the motor‘'s electrical time constant. 


Bare REDUCTION OF WELOCTITY RIPPLE 


Optimization of motor performance will reyuire that the 
ripple content of the motor velocity at steady state be 
minimized. To reduce the ripple, it will then be necessary 
to reduce the speed tolerance settings which will estabiish 
the pulsewidth modulated input Signal to the notor. TO 
determine the effects, if any, on motor performance (other 
than the reduction of velocity ripple), it was necessary to 
perform a number of simulations with varied speed tolerance 
settings. 

Three simulation trials were conducted, with the speed 
tolerance set at + 5 rpm, +1 rpm and +.1 Irpn. Table IV 
summarizes the results of the simulations. The data £0r 
Table IV is plotted in Figures 4.4 and 4.5. 


TABLE IV 


Perfcrmance Trials for Various Speed Tolerance Settings 


Speed Zomorance (cpm) 


fe t +.1 

Load Tordgue eae ever Lor m ripple form ripple form 

foZ—1n) cai factor (EF BACTOE ce F factor 
es 0 Ze Zeanoio0 0.89 ew o> -214 ti 09 
16.0 Bo Vers\9 1.16 le138 2242 le 
2. 0 3.44 Lael lee 12.3033 Se 12026 
48.0 Su, ee eS Vert V0 i223 1.070 
64.0 Sho Loss 126 deo i225 e005 
S00 Se 1.054 lee 120103 eo 002 


It 1S apparent that reducing the speed tolerance does 
indeed reduce the ripple content of the motor's' speed. 
Additionally, as the tolerance is reduced, so does the forr. 
factor of the motor(for specific loading), indicating higher 


motor performance efficiency. Thus aS speculated before, 
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with lower speed tolerances, there existS 1laproved motor 
performance. Of course this should have been intuitively 
obvious even prior tc conducting the simulation trials due 
to the fact that the greater the speed tolerances, the 
greater the inertia obtained by the rotating mass of the 
rotor before a speed limit is reached and thus greater 
amounts of energy would have to be expended in order to 
increase the motor's speed back to the current ccmmanded 


speed. 


C. COMHENTS 


We have seen where the Simulated performance of a 
modelled brushless dc motor has been improved through the 
addition of series inductance and the optimizing of the 
speed tclerance settings of the chopper control logic. 
There are reasons to assume that the performance enhance- 
ments noted in this chapter may not necessarily be realized 
in an operational cruise missile scenario. The final 
chapter of this report discusses where caution need be taken 
when reviewing this work and prior to applying these results 


in the use of brushless dc motors in aerospace applications. 
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VELOCITY RIPPLE STUDIES 
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Figure 4.4 Motor Velocity Ripple vs. Load Torque 
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V. RECOMMENDATIONS FOR FURTHER STUDIES 

As stated in Chapter 3, the assumption was made that the 
missile's centrol logic would generate velocity commands to 
the motor ccentroller unit. This may not necessarily be true 
for all missile applications. Certain controllers may 
generate torgue commands (or eguivalently, current commands, 
aS current is directly proportional to motor torque) to the 
motor to provide a constant torgue to affect the reguired 
missile maneuvers. The effect that this would have on the 
Simple ccntrol scheme studied in this report could prove to 
be fairly Significant, and will now be looked at in closer 
detail. 


A. BEYOND SPEED CONTROL 


One major change that would pe required of the motor 
controller if torque commands are to be issued from. the 
missile control logic is that poth position and current 
loops would necessarily have to be closed around the PWM 
amplifier. Of course, the implication of generating toryue 
coumands is that the operating envelope ort the motor by 
necessity would have to be defined to include the plugging, 
Eraking andthe regenerative braking modes of operation. 
The importance inherent within the inclusion and modelling 
of these modes is best justified by noting that the regener- 
ative braking mode serves not just to control the braking 
torgue applied to the rotor but also to recharge the 
misSile's supply batteries. The model would then need to 
have logic Llocks which could recognize when each operating 
mode would be appropriate and then generate the reguisite 


commands to the motcr control logic. The idealized step 
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response of the fin actuator system to coumand change in fin 
position is shown in Figure 5.1 with the Lecu@ieq cage 
operating modes shown as a function of flap position. 

Since 1) a position loop has yet to be closed and 2) no 
accounting has been made for the modes of operation cther 
than motoring in the forward direction, it 15 most nighky 
recommended that these areas be investigated to more accu- 
rately model the motor as an integral part of an overall 
missile fin actuation system. It 1S emphasized here that 
modelling the positicn control of the fin-motor system would 
represent the next logical step in accurately simulating the 
dynamics of the electromechanical actuator syten. 


Be SIMULATION DEFICIENCIES 


Studies of the modelled motor have been concentrated on 
the response of the systen to step input commands under 
constant load conditions. Of course, under normal operating 
conditions, the system most undoubtably would be sukject to 
a series of varied load conditions as the missile steers its 
course towards the target. The load on the motor would then 
be a function of the aerodynamics to which the missile is 
subjected during flight, i1.e., missile speed, attitudes 
acceleration, etc. In order then to model the system better 
under the dynamics of flight, the effort to close the posi- 
tion loop should be followed by more precise load studies, 
so that the motor's behavior may be studied within a context 
more closely related to its predicted operating environment. 
Other studies that would prove worthwhile include (but 
certainly are not limited to): the study of the voltage 
Switching affects on the controller's power transistors, 
designing the hardware required to implement the rotor 
contr elmore 19g) ¢- as well as the associated software. 


Studying of the effects of closing a phase-locked servo loop 
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Figure 5.1 Theoretical Pin Actuator Response 
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for velocity control might also be considered due to the 
system's precise speed rejyulation capapility. 

One caution worth noting is that the model used asa 
kasis for all Simulation studieS assumed a linear, average 
flux back emf waveform. The back emf signal 1S in actuality 
Sinusoidal in nature, and would therefore result in the 
addition of fundamental and harmonic frequency components to 
the motor parameters which were studied, suca as current and 
velocity. It is recommended that for furtner studies a more 
advanced motor model which simulates sinusoidal back emr be 


utilized. 


C. SUMMARY OF RESULTS 


Pulsewidth modulation has been shown to bea viable 
method of accurately and reliably controlling the velocity 
of a brushless dc motor. Form factor studies indicated that 
power losses in the Switching transistors may be mininized, 
thus allecwing for smaller power transistors and reduced heat 
Sinking, which translates into reduced costs in controller 
design and implementation. The addition of series induc- 
tance waS shown to a have a very definite impact on motor 
current ripple, reducing it significantiy in comparison to 
Simulaticns conducted without the series inductance. Use of 
the limit cycle pulsewidtk modulation scheme was shown to be 
a superior method for implementing pulsewidth modulation. 
Areas where further research effortS may continue have been 
presented, including specific recommendations for follow-on 


studies to this thesis. 


4g 


A 
RE 


PPENDIX A 
MOTOR MODEL 

The motor that was modelled was a commercially available 
brushless dc motor. The current and speed curves for the 
motor have been shown in Figures 3.3 and 3.4. The Wetton 1S 
a three phase, four pole machine with the commutation being 
accomplished electronicaliy utilizing a set of three Hall 
effect position sensor devices and a set of Six switching 
euiesistors. The Switching takes place every 30 degrees of 
mechanical rotation. 

The back EMF signal was assumed to be directly propor- 
tional to the motor speed. Tne actual, Sinusoidal nature of 
the waveshape was not taken into account in the model used. 
What follows is a brief description of certain procedures 
that were added to the basic motor Simulation program, a 
description of program variables added to the initial 
program as well as observations made concerning the execu- 


tion of the Simulation progran. 
Ae. PROCEDURES ADDED TO THE BASIC PROGRAM 
1. Procedure ICLIP 


Procedure ICLIP was added to the model to account 


tor the addition of the freewheeling diode FWD. Currents 
were then necessarily clipped (negatively yoing) at zero 
amperes, thus preventing the CYEGciLation of negative 


currents. 


2. Erocedure VCIP 


This procedure takes aS an input the velocity error 


Signal and yields the motor's input voltage based upon 
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coumanded speed and the established speed tolerance. Ens 
Within this procedure that the limit cycle behavior of the 


system is estabiished. 


3. Procediune sia or 


As the output of the integrator block which yields 
rotor position counts upward continuously from Zero, a 
procedure was reguired to reset the rotor position to Zero 
degrees when 360 degrees of rotation of the rotor was 
achieved. FESET keeps track of the number of times that the 
rotor turns past the 360 degree point and uses this informa- 
tion to update the variable THRST, which cycles ranges from 
zero to 360 degrees. The importance of this procedure wili 
ultimately be realized when a position loop is closed within 


the systen. 


B. MOTOR FARAMETERS 


The parameters which follow are those added to the basic 


program to achieve the reguired speed control effects. 
1.  VCMD 


VCMD is the commanded motor velocity. 


ICLIP is the motor current which has been adjusted 


to prevent negative current flow. 
4, THRST 


THRST 1s the rotor position in degrees which range 


from zero to 360 degrees. 
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C. NOTES ON PROGRAM EXECUTION 


A fixed interval integration technijgue was used in lieu 
of the variable step Runge-Kutta method supplied as a 
default integration technique in CSMP-III. The trapezoidai 
technigue was used as it demonstrated itself to perform as 
accurately as the varuable step methods but used better than 
50% less computer time. The integration interval was chosen 
as .000001 seconds. 

Since the switching frequency of the motor was on tne 
order of 2500 KHZ, to accurately observe motor tehavior 
during the pulse on and off periods a print intervai of less 
than 50 microseconds (typically 20 microseconds was chosen) 
was required. Because of this, it was difficult to observe 
the micrescopic detail of motor operation interms of the 
variances present in the current and speed for periods of 
greater than one second, as the CSMP program is limited to 
approximately 5500 lines of output. For the studies nade 
for this report the limitation encountered did not fose a 
fajoLw@erobien, but could prevent an obstacle to further 
studies. Of course, as the studies of this system advances, 
the reguirements for such detailed assessment of motor oper- 
ation may not be present, and larger print intervals may be 


used, thus allowing studies to be of greater duration. 


a2 


APPEND Ie 


I gg, 


CSMP SIMULATION PROGRAM 


=C 


6) s*ASKINASAAAA CLASS 


i 
p 


WGWY2YIY) 
Crt WIC) > oe 
4IKOMY) 
QWSazuyje @ @ 
It «eM 
~~ SS YS 
~S ASN NS 


Zz 

“~A b= 

b= 22 

Nf 

—k 

LyYy} Y) 
Oe 1a & 
© a 
wo O 
=, Q 
t—*LhJ LJ 
= 

— -— 
—t = 
— LJ) 
YO > 

—I ke ie 
coo uJ 
pat) +s 
OZeaO © 
Lj<{ p= —J Qa 
—J TL pe LJ 

LWJOLL ax 
wu 4 <f 
ws cae t= LJ 
YN hur xa 
COLLIE | Lil 
LNSOn < Ud 
=~ zZOre ce 
muy ae (Ly 


bwwWQ DAO 
SQ LANSKY Wet 
CO rr OVA ORG 


aNRKO De SJ 
{qo oe YY ZOE 


3t Hh HF 3h Te 3b Tb th ip tt 


< 
ac 

~~ ~ 

INO 

ww tt a 

#HaQOH 


"ou i 

aed “wnnyo 
CAA WW w<{ 
=) ANT 
NDIVWOIat- 7D 


Ry 

WY 

‘Oo 

N 

Ov 

uy 

~ 

— -~ = 

© On “ 

a aaa wy m% 

> N —~r- ~ 

= ~~ NS =O 

-~ NN Te ao = @ 

© =) a kK @ =O 

= © -— ~~ © — «() =D 

(LCs Or Quins, Ge 

ms 1 u, ect ™ <T eo 
=, a. =eH OO rOZ O 

Se LL) me my, ot C)UuLy =" (pe eamn™ ~—w tp 
Orta NOt ew atu 

tyIeOr -] FDO H4wO AYaA 

oe [i wth “te OF 

QOkw~ + oJ +i SH RW 


<a <0, | AaxF <—L 
YAS OLrHeedt tls ZRKtk 
>iAIdiL eyo rorgqQi=t2a ys 


Ute tIo> Lug F— Lt tT} 
"= -— 0 4) corse ce veil 

WwW Ho own nu 22 ay 

—4 Or I T “aN QQ. Ub LW 


SCLAN OZZZz 
TWH HH EE ZFS SSWCL 
Z> Pe RRR >>> >mHR Fk EE E>RE Ee 
> 

oO + 


te te 3b eH tb 4p 
= + 
7e Re LL, + 
te te Te St of # eae + te tt te te HH Ht Hf 
+ +e 3 ote 3p + + 
ty te FUOWO tu wv 
te + HAS + RH + 
3 + + >< + % tu + 
+ ly #<tiu D +t H#YTZ Zt 
+t > * 7+ LIMKQ + WES Ut 
th) #itu OF FF Us 4 tie 
+ - + %# OA % Up Ht 
3¢06UC<CKSCiC SH + 60 + HOODOO UF 
LO + Sp tLe jpity + whe GU) Wir 
% Ou + 34M FC et XC CH 
+%+ 2 4% %HoraAp + HUQ =f 
se UJ + t¢ >~ J + #%HORrA Ott 
% OU + HUDY onwF# +O = +t 
#2 + % <at2Q0% HX CCOCQUWILU 
t+ Up. = te bebe So OOo HOOK IW* 
*# OQ + © He) UOOf ee Hh b<f So 4% 
HWMOD = + =z + = OO rF OR WF 
+HWwZz + om t—- O Nr —J  ™) RFQZzY wt 
Hous + tow + + O il RI CUI 
#7 aa + i * TA art Il HOWL Dac+y 
+ Q + Ht Aru! Yo = Qa FIL VG + 
$%UI™ Ht —,AA, HULL WMD a. fF Pew uss 
Se UE Se + TSK > +H ~ sO #iu COTs¢ 
HrOMHt MOS + NQOD>~+ “ew UO> ween oa 
#tI Atk wOU HQ, + Cc > # be WW 
% oe Se Oe + Jl Wie Lu ~ + NzZaZze 
#%# DOIH YO + ODOM > HF >J— —J #U OmO r+ 
¥= + Amn %<I wrDIO* ~O_jO H#OQ F 3 
roWwORr WUD HRY) WwW Ff >t Ok tr AMY 
HNO HCO HY T OF >>> HZ Qs Us 4 
%+ OrFF OO HUI (DD Ut > > #O ft Kt 
toa i % SAINI “f Sh mq USSR LL <1 3 
wreauy WwW e 6° Wo rere. 1 * 8 wv) JUL Lt 
$e Oe Qe tA JH Orr te CFU Pm Lip 
HYQUZH Myo tt OUD Qa, + Q. eo4 SIA Att 
HrmZust 5 © @ #>O>be Int ee #TQOO0O0* 
* “ar UY Wy +e HN QI Us ttre fF + 
HWIOKtG HET Fe ULILLI Ro LI 4 Hh > Cae #* wc {tt 
+ YiWD t—4—4 >) %gw>7nDO +* hata D #H#NWONDO 
49 DWH LUD HO A dtWs WwW UNO te DGreOkF 
HOLL + & Li FOQWZ WO Cao >i Hir-OQOF 
RWROR DILLY Te UL Ll Swe) ty) 2ADZB*H 
HOWZH QreO eOkF b= 3 (om) ad O + tk + 
% OUI te =LwW or OQ WWF WIS ULL Oe AKT COOL 
% LCDR LO a, 4% OCLC CO OTH Q #F#ZCOCLS Lt 
HAMLIOH OO Q Te QLlrmtpue b= =» tf O Q tek 
+ %* 66 az + +f Zé 2 * + 
HHH A WwW He th tht te He a. Us ttt Ho th HH 


x 
xs 
aK 


MODELL 


THE PKOGRAM TU ACCCUNT 
9 4 


PEGILOF THE 


5 SR RAE a aK aK a RA 3 a aK KK Ke a 
QO 


(PwR, TL,TLP) 


BAK 3k I aK A ak a 
* PWRA_ HAS €€& 


S FOR Tae 
* MOTORS 
eK KK AK HK KKK 


+O 


T REACHES 360 DEGREES 


se ME A I RR SS RR RR A a a a a a 
S_ PROCEDURE wAS ADDED TO RESET THE ROT 


J 

S 

CK TO 

wk eR KK 


KH 
TH 
PO 
BA 
Kx 


+ 
$e tt 3 He 


ET( JFAC » THDEG) 
GO TO 49 


) 


S 
Q 
S 
0 
1 


Lily @f—= ¢@ 


QA WNL OW 
UW wD 
On TW oa. 
Okra OOD 
@ I 
QA. Lu 


& 
wf 
OQ = 
O = 
© Qa. 
Oo = 
a — 
“4 re 
I} O Wa. 
oO wu 


= IO) l= 


YOW Fa 


CE ap oy 
OM” LEO 


reer-tlw re 
Ooo wW et 
= © Lous 
oa Pm Jl 
QW) HN 7. 
A w -2Y) 
ZONZ o& 
OnOaaae 
=the OA MOLY 


Ne eOH2 Jb 
Im fe BOOM 
Mu. i me S LL) 
—J Ort = 
<J WL CL ad LL f= 
= J Wy DO. Swi 
he ZORRO 
Ses LY Doe << <r 
Sk tO. 22 Oa, 4a, 
LL) 

= + 


PAGE XY FLOT 


# 


ENDJOB 
/* 


20 


—S a 


APBENDIX C 
DATA ANALYSIS PROGRAM 


ht = 
Za 4 Li 
uu ge Qa. 
wa Lhd a 
acu CL Y tL fi 
>> io ool => YY 
rm omth, <— <I uy 
D INU a Ss > 
ty WL) = aw 
Ice = = (3d on Be b+ 
<tW —4 OF oe - ee 
mu. tf << Ld [= Ot tr Ls Lis 
WW a = =< <= “Cx 
>~ LLjre4 We Ud <I Clim 
Oz = © sa tice b— Q DD 
be = ry) z Ce ieee Y) ee WY 
IQ. }~ >. Os om re we oO 
ek oO J Yu 2 O © m Uy 
hu, <t 1 ng Ligh ls Le OO neti 1 
| oe MLO arm => niu — kh 
Ou. ee Ih Ir - ale WwW a. 
+ OO LL <X — ig OAZK = % UWL 
LI) > UW, = O2Zzw Na Lig Liy — O° 
—4<t _ Ts WwW OW) Q UWouwip aoe ae 
> We = «Q) ULd pe AD gy A, LUI) <I @ nr Az 
AQO awe Ly = = eq TF —J OQ iW OD 
O4Okr Ane Thu. Ix -hkr << © oO == 
LU os b= td) SU WMO2Z QY = o mi 
* = wna Q3 (J <tuiw me ~ <S te MG 
oO a op ul UY =U Wi Y= a fe) ae <—— : 
WM Oto Oud = Oo i Q ly eee 
bh 2aoaROQ 2 eO WY <f O00 Wz Dre io) { = Ly = 
i © Dd my) Wak ~~ JDUWIO uly + JI wads 
ce aW eH Ot bey Dot uw — og = <tr 
KK AREY NYe z—Q Q Ce~=O LU —~ LW a QOOoe 
ey Wu WN e& A> ~ WID YO VIF (H Us GH mie 
Y CWO ZeHina, ~~ 7 (*} SK FPO ae © = wy wm = bo p= 
we 2 eee YOK rt oy m4 Zu 9 © imme ™~_N WwW fe WWYWYU 
J YINMSYI UPFOYUV MZ VO 20 NYMR IUN Tr - ~~ OU mm 
Ww tJ wv UAFet Yo TOU UY Ari wT et own ve we ee Me — wou 
WU, eteteyp ty £-— WF & e J WWE ee wt mrTU § VOSA YW yy UY) 
= OC eer Mie © oO OF 4A <fgt FAVOHST eO MM YN QO, qt wy tCol4- 
ary) OOrn e ae mypeq Ww ly ee emQ aa i 6 ¢* rrRLYD 
CE=EZQ “Wem Wruw cy) WL UY LLIN © tL) tne I] nm a. a. 
“SOUL ay. ak Ww it moc LLL iN => ' als NN Ud Ly Ly 
QO ewe ASS ROR > Uy kek RY TF WI bhooe Nw GC Hy Lowy 
Clit--J A<{71 = MO yu my WY UY me aD == «OU htc 
Aalto Witilwn WM YW Weer ly Nn woOwAOWNO NY f4sznme 2) -- 
mao ote eee Nem oY) 
> Y Ie aD Li Q — mr) 
8 MAZZA NQZ Cy Wood” = ron 4 
mo L293 Ly Zo ha Rat hE eH mJ © Zoe 
ZO FIMY OC 4 > uu 4 —4<f OO 
wus 
AAO OUOU YOVOOO YQOQOOIQIIYQVO YOYQO OOD YWOOUOVOY 


oe 


ee 
Ce 
O 
t~ 
Ly 
=. 
WY 
a | —™ 
oe 
J o 
Ly Ww 
4 ~~ We 
—J vr) be 
oOo = e 
— — <_ OZ om OQ 
———— QO. i — « —-_ | 
Qa, “OQ a | U 
—d <4 Oo = ~ -~ WY 
— a “N e = 
lo = | = e acet-s 
vend z= NN @® e ee UY 
ZO oa x ey, = ¢ 
| O + = a @® - —+ sos DO 
we bd — Li. = em Lo 
~~ ‘Nc co o o ~ m= 
~~ — > Oo »= o - © 
Oz — wth FP 1 |= OL ev) @ iT 
mang =~ VY) >I OF®D 
OQ oO = GF atk 
Y) (+ +O + —™|— WY Ww Urewe CC 
Ly aO—- —— mH ZF OF & ow Oh 
ce ZO — ZY YM UW Rete > <I 
~~ te lA= CII ~ Tiw<t 
~ we [| %ot> hme Teter UL 
LJ ~~ WM wana AQwogWT4Z= > 
up YOO be a ht td RPL Q mma 
IO cuties mJ) m UJ e C)h4Oen 
v) 1 +44 e+ 4 rev C2 OF V2? OO 8®O2 CG ® 
aed aN raowih 2. ma MN OY OU Ret MOK 
in CL) 4 er OL, 2K MOK MOK Ort ere ort 
“rt He oe — Wr NO HO 400 HALO er 0 40 
O> + ~~ || i neg OP ee TE eet et at ee as 
Ujwme Ce Al — re Fe Fr fF F&F 
IN rt WY) WIS LSU TU TL SL 


Ti ZENMQ  BRERERERERKEREA 
Wtf Y r-tuaea Jf bond CXL bmg OL ag OE me OE HC OC OC 

ee AON CYICYOCKOCICVGCVeES|! 

ry <QW CL Ht te NS, Se U, SU, -& Ue FLL SU, SUL Y)t 


Oo ON O 
aA NN WW 


109 
200 


O OW Ow 


Sil 


ABPENDIZx D 


NE SE RG: 


feet bee OUTPUT @ROR CSMP S#MULATION 


OrmMADFDQAN Ws ANHDOOFIVON®D Net FE tO Ot NUN 0) ONO Oe et aan oN 

ONIN WICH WI OQ SR NI tS maT I OOD UT I Pw SY SPU OOTY? © @ © © e@ ee @ eeeeeee 
=. NOUN ONOD © 8 eee ec eee eee e 8 8 6 6 6 6 ee 4 6 ble 6 6 Crecente enna 
OQ ALD 0 © @ © & CDOT RORADOQAPIN DDAIDBLFODO ANDES FAYO OP NATO ALA DAI ON AIS 
LO © OO ADI OA OID AC) OCALA DD ALA CO AID ROY O Que MID AIO OO May Oder epee at PLU 
Ra SAS DS HN OY LV oh tO TOON VES POU ES SSL VEY OP fh” OUD WAAR ASH Attest st Ht 
= 


elelelo\l®lelelelelelelelel@leleleleleilelelelelelelelPlelelelelelalelelelolelpilololelelalelelelele) 

elelelelelelele)lelelel@lelelel*ielelel@)elelelelelelele)elelelele)clolel@lelelele)]*lelelslelele) 

O ODIO OOO ODD IDO OVO ONVOAO QO ODI AID VON ODWMQWANADVNIOIN DA AADWVDION0OO0ONO 
Oeeeet*eoeeeeee0e?eee epeereeeeveeereeeereeeetreeeetrteeneev0ee tet ee 8 8 Oe 
mlelelelelel@loelel@lelelele)®lelelelelelelelelel@lelelelele1e1e)elelelelel@lelele@lelPlolel@loeleleleal®@lelea\@le) 
DEV COVED COVEY OVD OY CED COD. F CHP COD. OY COVEY OH) CIC CM CH ICH HICH OH CHIH MOHOHM OHM YA OOH OHM MOA MMH) © © © « @ 
> 


DOP TFOOANMIADHADHO FAN DW AVF HANYW AO DO LFANO OANA OLIVE FP 00 OFAN OR HOO SN 

OP 00 GB CQP ADDON HO Bh OD Ht OO CIR QI 9 DO AIR UNO OW 0 OD OR AKIRA MOLD Of BAAAM OMA 
CO, DOF ODAUAD ON AMNA TANGO AAD AHMMNYVODLFONnNDM DD OANNADDD MOM MIL PUN 
=F WENN OUI A407 OOD INT OY FOAL CY OP IO CAC QUAI CO CUS SENT SPT EO PF ONO te 0) 
wo mnrm 02eee @ @ eg eo ®Ceeeereeeeese © ee*teeree tt opoeeeete eat Geet Geet €e © Ce & @ @ @ 
C80 mA NAITO YO ST SN SPLOT DVIALALOIUN OO ODVDUDVDVOOVY QU V0 0QWV OU YOUN? 
= 


VED SP SSP APT SS PP PPP TPE TE EM HM MAM MM MMH AI CAM MAM HMO CHA KY CHO MH AHH 
Tea AOA REO MMMM oo ip oer ore elel@eleleal®@lele) 
i’trpetbett tt ¢€tbetetbeé itrbrerrrvbbt tt @etect (treet tee 
QO OICJIQ LIWIQDQAQNQ QIAO YQYQONOQQOQUIDQ QNQOQAOWIODNAOO QUO MAQONINIQONQOYAQQQOYNIQOaOQONO 
OO DOD OVOP DIV OD DOV DODDAI DOV AORN DON DODD IVD DO OD MOI DOD DODVVDOCDBWODMOOAONO 
OV OVMDOQOMOVIIDOOND OQD DO VOVWVO OVO VON VIDIO DVWOIO DVI VWVOIV IO VIAI OVIYBIOIVBOVONO 
ealeleleleal SlalealelslelelelSlelelelel@lelwelelelelelelelelel@lelelelel@lelelelele]@lelelelelelelelelelelele 
UW CIUIWOYUYI OYUUGYVUOIOC0 QNQUVUGUDYOODOIT WIyow Ft WyQgowF GN Wa Fan wWw Ow Wwiyw Ona 
= OONVOSFDAYJOT DAIVO FOND FDU QOOO PAAANA AIM cry PF FUN O O OPE OD DOAROOOn 
—~™7 © 80@e te ©Ceewveeeeneteeeeteetrteerteeeeeeteetteetegetet Fe qee#eeqetrteeeteeetee ee @ @ @ 
Fe Oe FO SRAICIN OO SP PIN) 0 ODOM DODNKN AAR HAS Att Nt Att tt RSIS RI IANNN 


58 


NODODE ADNAN DOM NOMAD MOR AD DH QO MS OH QOM OD D4 Fh ANS QD AAR DAY FORE DOAM LINO hf 
eoeeeeeeee%#e#eee%# @®2* @®#2# @®@¢@©6h6chOrhUCcMhC OCUCc OCU HOmhUMhhUCUMMhCUhMPhC OFhCUCUcMHhC MhCUCUhOlhUCrMOhC PhCUCUhOCUCch OCC OHlhlUh WC OHOlChUCUCchOhlC OCMC PhCUCUMh ChUCMhhUChMrOlCc OCU CMU CUM OCUCcrhOlhUCUcMOhUCOlCrHhCr MhCUChOhCUh TChUchHTCUC OU CUM OCUCUhOhCUCUrhRChUCUhOOCUch OChUCcrROChC HHMhC(<~wM hUhOCOhUC hC~ HC 
MYO QU AD WOOP TOON PIC UN BARMOW WDD DP QW LA TOON BRO WD DMM POY LAD PON AO DO Dre QW PFOIMNAO War OWL 
MPAA OM DDO O SAHA AA AA AAHADODO OO OO DO QDDDQOOVODHD ADH DA HHAWAHA AAW D 090 69D Wa WD GD A AD Nu he Pe Ph Phe 
LALLY QO 0 OQ OOP pe PREP Pe Pee Reh Pe Pe he Pe Pe fhe Pre Be Pe fh Pe PX POP heh 00000 ODOVDUVDVONDVQIQQVODOOVUOOQYOVNOIAOUVN YO 
AA HM AS HH HHA Host oH HH HN oA StH Hot th oat HA Hot NANA Nt tet tN Ho HHA {Ot Hh ot HHA StH HH HO tot I 


OD OO OOD9N9O9V8O000 209 09 090000 00 9000 DODVDWDO8OV90 20D QDODQVDOVVVWVAWV OO VO OOOO QVOVD 009 


OD NO NWN DO art O 
OO NIB QYUUVE ON QO ONL 0 
TIM DY OM LAS FIVE FO 
COW ING QIN GIO OP Ore Gap 
ee ee ee 8 oF ENNYOODO90 99009000 20 99 O90 O990900 0909002909 DIDOODODVOWVWVW9OOO90 VDO9MQWMQ D900 909 
TPOVOANATINAaaete e ee ee FO epwroewrwe ewe eee ewe ome oe mee el hl Cl OCC OhlUcr TO HOC OCC OhUc OCC OC OC hl rll Ohl Ol OhlUlh hlULr lc Oh OhUlcr hl Ol Ol el ehh el lt he le 


THEE PID AH OM MMH OOM MY OAM AM QOH MOH MM MA AYN MAMMA MOY MAMMA MM MAMAMAMAMMM OAM MAMHMA MMMM MAM MH 
OS ORT PPS PA Pir ee le eae eT aT TST TT 
itiretvpeletttvtbeogp te ' (ty (rttrtietpbitrerrtet)tpep bt ert tt tt bte_eprbtererebpte poet tpeeb!oudbe 
QO OY QO OQYODI09 21D OY DOY4L)9 09D QQ OY 21ND OQO ODN DODO UQUDQAQQUUNDAUDQQNHODOAQANHhnANINO000NQ 
ODO OO DGVOOOOOOOOOO OO DOGVWONODO OO OCD AWDOANYWNDIWOOV VO CO DOAGQVIWDOVDOOVD CO DQOOCVVDOOCOIOI0O 
OO 2QNDIDOVDODO00 YOY OO OWOYVUSA9OGVO0 OOD OG OVOON OVO OVGV ONO QO QVO VO OOVVOVYV OV VDOOVOVVOOI O09 
ODO OO ODOVWDONYDIWNYDO OND NO QOVVWAVY9YN DO VDOOOYVDOVOVVPV OV AOI VO BVWOVWOVDOVOOOVOOVDVOVVIOVAAQAY 
WO TWIN OF WN OF YON OS UNIO PAO OT WIN QUIT DOSY OT ON WO TW INV OT AON WO TW OY OPN US PY IN OO 
AAAI NATO SP FU OO PP OD DDNWO OO HA AAA AO CO PAPAL DD OFF) DD NWDOOO ARN AN 2909 Sp FUN OO OI © 
@eeeeerttrteeeeeeteteeeetrteete@ee#eeetet © eeeee5ngeeteeeteteeeeeteeeee#eqeeeee#et @©«@ @e®e%@ee ee e 


NV ANNI AD OAIT ANT AION NIAID OND NDS IOS DOG ODO AEE EY OOD. EY. EY COVEY COVEY EVE. C0F. 0 OV. FY. COV. EOY CHO. COV OF) COV EAD COV. wo SP SE ye iP SPS Se SS ye Sie ee Se 


5.9 


DD OD AS Ah Fh AAA ODD DP DIN FO AAD DAMA NG DD FAN DIN HAD NOP FADO DIN AYND FAM HAW Ah OOS 
eee0eeeteee#erfeesrtrrteereeeeretrtenseeer @eee%eeeeeeeee%eeee#f @eee068?#?eee?e¢e@¢@6hlUm8thUcPOhCUCcOhCrOC HhlC(<C HC OlUCUCrhOhUchOOlhUC TC‘C HhLCUCUc OlCOlUCUOMhlUC MCC! CUP 
TOO AIM ODE QL FON AO DPS QD TOI MAO UF QU ON RA OOM QU ON AIO Oh QUO ON AY OOP LAT HAO OT ONO Q 
Pe pee Re Be B= PM OO D0 OO DO OVINE LVEDD EVEN LEN SOS SNS NSPE HAM MAMAMANANNANNNNN A444 AAA HODOQVOOONAD 
VOOQODWODOVNOOD BVO QV OQVVVODVOODODODVO DOODOODVDOOOVYOIDODDOOVOONOD QDOONDDONDND DOOD QWUVDDO0 DD ODUONINAW 
SHH AAA AA AHA AAA Ht A HAH AAA AIS IR ARNIS tt Ht tet tN St SAA 


OO ODO VON|ND ODO OOV9 000200 OO OOOO VO DD OOD O00 DO ON OO VON DOOVO0O00N0N ODN VCWDOVWVIVO0V090 900 


VV EV EY EY OY OEY EY. EY EY OD. OY EEY COVEY COV. EF COVEY. COV. EY COV.EPY CY. CE COVED. EF OY OY. OY. COP. COVEY COVEY COED COVED) COC OO FA OOO CHO CIO CAH AHA OHO MHA M ery evyy OOF 
PPPTPP LET TERE TPE PTT TELE TERETE T PESTER TT PERT TTT PPT TPR TT TPL TTT PTT 
f 
OM WOO UODOIYN QOOODYOOQ001(3010 QOQOYQOQOOUYOQNIODQOYOAOVU|OQIOQVAQQOYNUQ0VANQANVOA OVNQOOQONOOOYONONONQON 
DOO OVODOOMNYN OOOO ON OOO SCO DO OV WDO ODO VDO VDQS VCOCVV OG VDONMND DOD OCOVOVWDOV OVO VDOVMIOIDOCOVORXCNONO0O 
DOOVIAWDOIYVOI OO VO DWVWVOOQVOV ON ODVIWOIO OCOVYIIWOVPO0OOVDY9N VBW]OV09898 VWOVOVAO0O ONO VODO VI OV VIVO VOVOO 
ADOVDDEOIVYIOA OOVOS BWVWIQVIA™IOYH DY ODOVBOYO VV OVDWVOOO90V0 OOO) OV VO QWWV OAV OVWV OVO OA OAV VOCVWWVOVOIOAVIOOU00 
FANNY OFAN OT ON QOTWIN QO TWIN YVOT INYO TON DOT WN WO TW ODO IT YONI YO PW ONY OOF WIEN QO TWIN QO TD 
DDNDAN OOO coA AAT AINA Ot FFU NSO OOP PF DDD DHNOWOAMAAIN AO Os FF LAL OO OPP" OD OD NNQOOO AMUN NNO OS Fe 
*“eee3eneteeeweteete®egeexseegereeeeevreereaeeeertee®*eeveeetetteeeevret © eC eereee eet ee @ ee 8 @ 


PP SNP LV EV VESEY EVERY EVEDYV UV LV EV ECV DY LEV UV LV LAY LOLI LEVIN EY LVL SO 0 90 0.00 5050 0.9 0.00.00 0.000.009 DORE RR RE RRE RD 


60 


OMA Ort Oo- DAO AD OWNO FDO PS AAD HD OF Re MF Dm FR OD OD AFM DA SOD AMAP DOAN DO DWNDOANAY FUN OR MD 
eevee? @ 2 2 2 2 2 ee 
Bs = 0 Hn eNO tA IG Urea. g Alain 0) en] A USCO RG ene Gre GCI Ut ay CUS COG quel ne ee en ee 
OVD OB OV 30 CO 6D GOD DD hm pre he Fe Re BD 0D 0D OLY EVELYN VEN SS ICQ AM OH MANION GIN N AAA HOOOODODAANADAMDaOc 
LEVEN LEVEN EN EN EN IN LEVEN LEVEN AN EVN EVN LEVEN EV LN NN EV LY LN LN LLY LVN EVEN VSN EN EN LN LEVEY DN LV ELN LEVEN SVEN EN LV LOVELY DN LLY LV fe SP eS SP Ne SPS 
St HH HAA A HH HHA A tA HH AA Ht Ht A Ht At HN HE tN OA HT Ot Hh A Rt AH Oh oO tatoo 


oS eleolelelelelelelelelelelelelelelel*leleololelolelelelolelelolelelele lelelelelelelel@lelelelel celal *lelolelelelelelel*lole)l®lelelele 


ee teoeetrtertereetrteerteerteee#weegetrte#eeetrte © @e#exert © Ceeeeteere eee eg e@ ee Ohl OrhlUchhUrh/O FO OO eH 0e e 0© © ee © ee Oe @ 


Selelelelelelelelelelslelelelelelelelelelelelelel@lel®lelelelelelelelea) OO VOODOO VOSA VO VW WO OOOO VII 9OVO9O VO 9000 O 
eoereeteteeveeteeeee eet eet ee eeeeertetogereeet*eeeeeeesee gteoevteevteoeve7s eg 89 0 8 8 


VED VEY ED CV EDA CVE HC CY COED CO HCY. COCO MED HO OOD CCH CAC CAM CAM MMA HO MACH MAM MH MHM MMM CAH MH AMY CHO MANA AIA 
OOD O9O90090 OO VDA DID DODD DOV ND ON ODO DO DON DVD DV CVO DOV WVODDODVD DO DWV DOCVODVDOVDOOCO0O0O00000 
'rr1rbretbere)_ettretvrt’rrtrrprr)_tetvdrretrrtetbtovrrprvevetetprevtetverbvyptretetetereprerteretbes 
QOYIDQYNOQYQOO0 NQYIQNYNIDOQYQIADNLIVND ONYNQOYI|]QINQNYANY NOD OVYQVYNQUDOQUNYOQOUQINODOQNQQVYQUYDOHNYNODOYHA 
CO COSCO OVOON ADAG DD ONO OD VDDDA VV OO DWV O DO VDGDOAVWV OV OHAVOVD DOD DOD OVCVWOVDVOODD OCOD OO0O000 
DO OVO OOOO DOVODODO VO DOV DOD OVO VIO VO VO VVD VV OV QOOOVVVOVODODDOVOVDVDOVVDVOV VO VVOO 
ODO OON9D9VMlO D9 O9ON1I99O0NO 0000090 QDOVDVVOV90N OO OV QDODVDDDVOVONRVWOVWVO OVO OVVVIV OD OO FONV 
IN QDYFYNQOTWINQOT DINYVOTDINYVOT WIN VO TWIN QO TWO OF MIEN UDOTWINQOTWINOQOTOUINUOTOUNWUOQU-M 
LEVEY SO 80 50 FF 9 9. TD NP OO OA AN AAC OD SF PTV OOM FO DD DD QOOAANAAIAIM AS FFU OO OI DMDDANHAOOODDOO 
ce0eoereenevne*e fe eeeet*seet*eet*eerterereetetrteoeet* eoeteertegeevreeeeteet*e t*eteoreseeoeerereteoeetteeee ee e 
Pro Re Re Re Re RRR PE PR ME OO 0200 DD WD HE EQ). 029. DW 0 DAD DH WD ODD HADHANAADADHAADARABAAADNPDRODHNADD DN 4qHqqH4 


61 


DODANE TIN OER DDOOANN SFO OER DDOO ANAM FD ON IM DDO DANMM FN ORE DDOOHNMOATINYD ON DNO 
®e e#eeer1+c_1eeeege#eeeeeeetrkeree#rfseteteeerst8fteeerkseeeererk#ereeereeeteers#e#eeteet eetseeese @@8ee 88 ¢ © @ 6 @ @ 
DF LEY OD ADF LLY OAD UVP IUN OD DO FINO DOF ND OVP BV) MID Re W909 SIT UVP ONO DOT ND QO TOYO F2 DY 0) 4 OD fe LY Se LD PP 
DIRS 0D 00 DIDLAIAID LAID PAP EEE COM QM NNN NS SHARSADOND OO NAD ADDDDDOREMERE 0 0.9 OIIIAININ 
ST TI er ge a Se FSF EE MIM HM MMM AMM MAM GM MEY MM MMMM Mm 
AAA AHA ASIA ARM AAA HA MHA AR HH IARI At HA ttt SH tH St States 


MOD OOVQDN ODO GO OVNOSOMO ODN VWVQ0N0000 
ODDO QDOODOOVO OVOWOIO VMN VBQVOONO 
elelelelelelelelelelelelelelelelelelelelelelele) 
ee e®eee8e%ve«eeF@f@eek#eeetse ¢ 8 © @ ®@ 


DOV9N9N OGIO DOND0O9ON9 N09 0NVN DODO D9D90 00090 ON99N 900000000 919900 909 O0O90000 09000 900 90090000 


eo et ee © oe © © 0 © © © © © Oe oo OF HF © oF oF FF OF & FO OF OH HF GH BH HET CMY CVC COACH COMIC CY CAH MIC HMO OH 
m 
©O 
1 
Lid 
fr 
Fa} 
a 
OVO OSD ODO OVDVDODUIDDN OO V0 OWOODO09 0000 ODN OOVDO9O9O 9000 9000090 OO VDVWODOVIOD NO VDOV VO VON COQOO er 
oeeeeernetetetreteeeereeeeereeetrteeteeet @eoeeeeeeteteeeeeeteerteerteetete eer#teeet © eee ©eeeeee 


MIAINIAQIAQIAIGIAITAIOIOIAI OAT AIO OAT ION AIA AION AU AI OAIOIAIOI AION AIAQTAITOAIAI OTA OIA AIO AITOIAT AIO AIO OAIOIOAIOAL AT AITOAIOAIAIOI ATAU AITOAIAINT AT 
DONO N90 ODN ODN O90 00990 OO DODO DO DDO D9N909O OO QOOKDD0O0N 909000 ODOVNDN VO DD DOON IAQOVONV ODO VO VO000O 
Prbrrreprorrdrrrrabrrorrrvrrtyprrrrr¢,rtvrrvertt¢rrr)rebrrbtr)errrrrrrbrrrerrrrerverece 
AYQY 4014099 009 O06 039 29O BOIL OIDN OQWNDOOD VYDQOQDQVOQOWNOQOD Qu Qo ggQgogodoogowvngqgnonagognaggQgogaQqond 
elolelolelelelpl olen Ololel®leol\Plolelelel@lelolPlolol@lelelelel|Plolelolelelololelolel sel elelolPloleloleleololelelelel elolelelealelele) 
elelelelelelelelelelele)Slelele Slelelelelel ele) *lelelelele)Slelelelele]Slelele| eflelelPlelelele)Slele| 2121 el ele] P/lelelelele)ele)“lele) 
OTONVOLTPDNVOSTODNWVOST DANVOTODNVIOT ON QOFDUNQOTFWOINQOFONVAFDNWVOSTONVOTVDVNVOTONVOAT 
ONSEN ONEEN DES STN SP NN I A IN VD J OD ad PENI ONTONLEU RON EST SST PADD NG SNE OS 9 OI) eb mt ONE NEUE OUD SOT TL ON SS Pe OU Oo 
ODD1DO9N DYOV9D9NO90000O QO OFA AAAA AAA AN AN Set ttt tt SAA MIRNA NAN NIOAIOIAAN AIAIANIN NN OIAIONIAUINAI OA 
*eeesteesteereee ff @eeewe7e7eseteeet © @ Ge @ehUcPMrmhUCUCOCUCcOrCUch OCU OC HOCUhOO HCL FP HT OH HT HCO Fe Fee FF ee eee eet ee e@ ee Fe ef & & 6 @ 
Sst Syste HAH tA HA SIN SA IIS AIS RR RAO AS St at St tt SRI AN Rt IM Mt tet tt at Ott ttt 


62 


1 e 5000 oe 


Se oe aie ee en ee ND Sa eet!) OF aS 
*eeee%#@#eee @®?20e #8 @ @@@e@ 8 e@he—hUchOhhlUrhOlhUhhUcRhUCU Hh? *e* e@e?e?8880808F @ ee © @ @ @ © @ @ @ 8@ 8 @ @ 
(NIN OPT RR! OUIOG OMOW On way PRU ol CRUD Cee OPO AOE LY OP ANE OR DOO OW LW 
LALA LVIIEV IN SOO Re MOND OMAN ANNAN ASA aAAMAOO DOOD ADDN HOD DHre Peele DO DDHWNOCOSZ 
CY EV YES DEY CY EV. CY COV HY COVEY SSeS NT SSS 0.69 9.09.09. C.F 097.09. 69) 09. 099.0) CF OF OO NS 
SAHA Stes Het Ht St A Rt SR SA St St tN tt tt et tet Ht oem 


Zz 

(J 

el 

-~ 

4 

ODDIVIOVVCOCON0O elalel el eleleal®@)@lelel®lelelelelelele)2) = 

ODVIAI IO VWVUAOV0O0NOGQ OOOO VWDVWOVWVVWVIO VO VOVVO9N0 = 

elealel®@lalel@lelelelale) ODOVDOWODVWIVI ONO VON VNOVIO OQ CO 

eet eee eG © Ge eeeoe eevee eee Geert ee @ Q) 
COOODVOVWO9 KONO 90ND QOVDOVO OO ON DOO VO DOVO VO QO DVO VDVWVOVIVOVVO VDOVVOVVOO 

SVCD ITI CTV CVI PCTVCTHITD © © © oe 6 0 oe 8 0 OO wo © oe O&O OYA MI MIR MAI MM MIM MMMM COA oe ek 

Y 

oe 

< 

(NJ tg 

7 Le 

Und ac 

BHP PSL OO FLV VOW WAH FT LAO QLAT™ WO OOMMmOQO 

NBO ODODANDONANRDHAQAIMAM MNO LEVY CO ON LAV 00 OY I GS Sp LL 
AMAODONOMDODANWOMNNO Wl AW OQAIM MOO LR oH 

BS STON IN TONY SO UVF CO et Uys) DMUs tINQO mUNINQUI 

AMMUODOMUY @ © © © © & 8 8 MPDHLNMHAODVDVWVDGDWOVOVVMOVDOVDVOVOOVOVO e—NNTUVwW e 08 © © el 

RE 8 Seat ra ead = robrat eet NAY RU me ere MNT RUD cS UNS Se Ne CCE ee 

= 

A; 


NNANAENANNANAICIN AINA AIAN NOAIANAIOAION AION NA ANAINAIINAIOAIN NAINA OAIAIONN IOAN NANO 
WT ae TPP La TT 1 TTT tT 
tirprrtret tb tbrrirttetrretrtrretvrtitrpretretetbteteterttrepeteeuvreebet!et_peretbere 
BN 3 ICIS CIC CNG 9d AED 5 es a peas ess 
CDODVDOVODDV OOODN OVOVDA DO ODHN WWW DVDWDOVWOVIDOVOOVONDGNWO VV VOGXdOANOVNOO0O}K- 
OOOO VOODOVO OO CVOVVOS QO OO VOQVOVOOO VO VOVVOVVQOOCOVOOOVOVODVOCOVO A 
DNGIOATPOYUVOT ODQYUDOTVNVO FONYVOS DN ODO FVNOOTDYNVOTONVOTONVOT OQVoO—4 
IDS DC CIE) HAH ATONE CEP OY SST NT OV NN OS A 9 OD OI FAN ONTONLCE PUY PSE NT DN SO bs WU GUI Lg 
NIVEA VY EYED EVD HY VED COVEY OLY VED HEY CVF) OO EO OD ON NTT SI TT te SIPS ge ST rT ge ge 
eeeereeterteetrteeeet®erteeeee © © @ Ff egeeee tt © © © © © © © © © © © © © @ © O © OC OG O& Ohmy 
SHAHN ea HAHA AA HM et HH tt HA Ee ta tt HA tH HY 


oS 


iol OSE EE RENGES 


Betierdash,wuea-., Maller, R.H., Nehl, TU. "Comparison 
Between Features and Performance Characteristics of 
Fifteen HP Samarium Cobalt and Ferrite Based Brushless 
DC Motors Operated by the Same Power Conditioner," 
IEEE Transactions on Power Apparatus and Systems, ve 
PHomivepepey i idgeJanuary 1983. 


Thomas, iio wtemece Modelling of Brus 
C 


pr s DC Motors, 
Master's Thesis, Naval Postgraduate § pa? 


Fiscal Year 1983 NAVAIR Strike Warfare Technology 


Plan Advanced Missile Control Devices, Diyeaeene.c 
Dettiing,; boo lpecepcember T1982. 

D.C; d4otors, eed Controls, servo SyStens, 
Engineering Hae dbook, Gth ed., Tectrocrart 
Memporatnon, p.s-25, 1978. 

cert, CK 60, Slate, ee tPulsewldth Modulated DC 
Control: A Parameter Study With Suerent Loop 
Aiea sis, “Sih Trans actions On Prdustmial Electronics 


and ContEol_ Diseaiicmearron, ve @eer-256,  p. 221; 
November 1979. i: 


64 


BIBLIOGRAPHY 


Dubey, G.K., Shepherd, W., "Analysis of D.C.  SeEteS So tom 
Cont relied by Power Pulses, Proc IrE, v. 22, December 1975. 


Frankiin, P.W., "Theory of the D@WHOtoLr COM ret ied ee 
Pulses Part I - Motor Operation; Week Teatsacewons, Ve 
Pas-—9 17) Igee 


National Aeronautics and SpaeGe Adi Gees Ce eeon Report 
cr- 160349, Numerical Simulation of Dynamics of Brushless DC 
Motors for Aerospace and” Other Se by W.A.O. 
Demerdash and T.W. Nehil, 15 November T9793. 

National Aeronautics and Space Administration Report 
tm-80445, Analytical Modeling of the Dynamics of Brushless 
DC Motors for Aerospace — Appiications A Conceptual 
Framework by N.AlO0. emnéerdash, FlE. fbastman, -sanaun sce 
Chilton, 48 August, 1976. 

Society o motive Engineers, Inc. Technical Paper 


f Auto 
Seley #78058 1 Electromechanical Actuator Tecnnology 
Program, Dyed. ie fdge, April 1978. 


Taftt, C.K., Banister W., Slate, Es, “Pulse Wigtneiodu iar 
Speed Control .of Brushless Jee NOROL Ss i, Droceedings, 
Seventh Annual Symposium Incremental Motion Control Systems 


and Dévices, Way 1 Oe 


ee 


Verma, V.K.~, Baird, C.R., Aatre, V.k., "Pulsewiith WNoduiaced 
speed Conrol of a _D.c. Motor," Journal of the Frarkiin 
Institute, vy. 29), Fchumian 1974. 


65 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 
SaMerOn Station -— 
Alexandria, Virginia 22314 


Likrary, Code 0142 
Hemel Postgraduate School 
Monterey, Califorria 93943 


Department Chairman, Code 62 
Department of Electrical Engineering 
Naval Postgraduate School 

Monterey, California 93943 


Professor Alex Gerba, Jr., Code 62G2 
Department ot Electrical engineering 
Naval Postgraduate School 

Monterey, California 93943 


Professor George J. Thaler, Code 62Tr 


Department of Electrical eanee Ee as 
Monterey, California 9394 


Naval Weapons Center, China Lake 
Weapons Power Systems Branch 
Code 3275 

Attn: R.~F. Dettling . 

China Lake, Calizfofrnia Yio 5a) 


ndrew A. Askinas 
Hampshire Road 
Shore, New York 11706 


A 


LT 
816 
Bay 


66 


No. 


Copies 


























































































































a) ee 0 ee ee ee Ui rai MF ead & 
P| ee ot a ae ef Cr oe oe) Lf Fs Foe Radu ¢ 
ga" af fu bse a PT oe ‘ oes Cet ae a ral 
1 ae 1S lS MP SES Fd By ae Et TY 2 a Ca 
LY ee ee Jer Ass OG Kh ae FAs FG os , thesA799 
Om on "84 ¢.4 HE so 35 ce ae at oe [oe Se ee e# - 
wrt Pwr a ye | A Pg Jotge be Taran) tte a ie f - 
r a ee Z wee: i an ee Pay b 

hr aaa be PPA st es ee eM sew) th Tiana S . 
ee ae a yey Pa ER ete OO ti ei # te ¢4 Poy A a 

rt oe ee oe er ee | A At ae od Oe De ae oe i a ee 0, 

Ceghan€ i Pe ae te oe oe ee aoe ee A ae oe ra i ee *¢ | 
etek adn f 4d iy o'd'a caw ater d 4 Fem wa i Fe Oe Ce a 
t nt if rn ar] ‘ py Poet FH 0 ¢ med ¢ f e-e @ 8 t, i, HK) 
i et LS Ge ae ee ee al) ee ee Me heds wes RO a ae j 
ver ee ee ee ee ee es tee I POA Teme vs Ce, 
po a i) wee tt ee toe oe ee ‘ A oe ae De a ee ee 2 t ¢atrt 
Pr Je oe 2 we Otte mess Kats a re ae oe 0 a a ee | 
UY CL ee a ee a oe oe 2 fu iy mth Fi oe i Veh gitan 6 as 
Pe th eet Ae ae ae On ae ee ae ay et a a ee Fe oe | 
iy i i oi et eet) ae ee ee er eee ee ae a rt ee i ee i ee oe a oe 
Sot 0eq da a as Sa ee ee he en ee a ee ee a ad 
ea) eee ee te nd A ee Py 18 gets 6 4 ped fe a ae ae iJ 0 one 

at ee ee ol Oe be A ee LAL ok Ue Me) ok Ae ee »§ Th te a 4 
Ce Ae cS ore lt ee ie oT € dower: A sth e el fawe ¢ eb mtd 

REE CARN hs RIS WT a RA BPP So te cre KN 
ee Me oe ee ee ed. © ry eer, a Lu oe A ee ee eT ext LCE WL bs LIBRARY 

ee a Wag et Fhe 8 i a el oe A ee 

¢ ¢ @r4¢ ih ea) Se ae ee Be ie oy a ao ee ie a) [i nt i a el 2 ee LT yan 
fa ey tae Af ne =P APS eae 7 es tuwe , i ee ee « YoU aed 

th vat i aie Par yay Wn) ee mdiuye errs & 26 2444.00 ra) 

ra ie ‘ya SI fib for Ge aetiew 04d ¢ ae ee ee oe ’ fe ¢ @¢4 ¢" #8 f ¢ 4 
Tan a ee) ae itl eee on ee ae a ee ey 7 Le eli a me Mt At y ee ud 
‘a iene ae i he ey re ea eer ee fe re #¢@e8 y ra | ee ie ee) a r Tala 

rs IEEE Ae TTP a Wee; 2 dk inde Bee @ Oe ee a ea FI ae : 

O i ae ae ae at at ees Ca wiv ie Ce Cf. i eh Ce esd and, fe Cr 1 d a ae aa f a e 

y 46:68 ey ne ee at ee “e oe ees fe Ae ary ae Pie (theo et omni ff of oa La ee a ‘ 

ee Um a ee iP oe A ee Ye a a ie ae 2 2 “Ue 7 Pade ee F} a a tA et | D : ad - 
we nT et i Te ee ee ee ee ee ee ee ae a0) Po | PP te et ee ee F é ; ; Lad be aria Ms 

A n We enh ‘were la Sie thee Le a ee oe a er a4° P F i » #y a a er r fr Ul rd ‘ es , 

» Fie ae et kt ae y pr Pe ll a adie fo) rit) r daha ar a ee ee ee ee ee ae J | ¥4 Po 

an a ay ae a OP oe i Be ri i a oe ee a | (ata # r y pa e Fee et a Ly owen Be 8 4 te n , o 
rT} Ct A ee 2 ee 2 | Ce OC “seer. a WT er a ee * Pe ae) s we enost ments re ee an fl Pa} ar A F , , 

ee RT ee oe Oe ee | b0hnS VPA oth eet a ee ae D u ls P Pad @ a ae re ee ee Ta ra 7 8 o 
r os Tati Ma we TAT Ce ae A te | OD ae a i a ee (ee ae see Fo 08 44 de OC ; : 
i oe nT a aay ey wee” eee oe © ee ee 2 ee ee ee Ge er i ere 2 Sy Ce ae ¢ r Lat ae 4 P ef . ; i 

r Ce ee ee ee re 6 é 4.4 « 7.4 dee he a ee ee A oN aie ® tan Ce Oe ee ee a 2 Ul ' ne . 4 
r ee dS Oe ee tl a ae Ray aT a AL A ee a La a a a? ee ae Ce 2 ae A, A year | a Se es . 
on @ aa ae 2 UT) Rat ee | es a ee a) a ae ere oe 430 i et ee ee i Fete a r + 64 y ’ r + @ A r rh 
iy oe ee ec ie ae a | Po oe iy a a oe ee a et eo 2) oe oe ee a ee Pa et ee ee | feof eC er oe re 7 as t ‘ . 
Ce ars i on ee oe Ot te a) ee A ee ee ee 2 oe ete de etgs eee be me ane pete Pe 7 o. Cie " r) 
@he@ @ A. beds gia ley Bog ne Ce ee ere a a ay ee iat oe A ee ad a 4 p se? ste Ce ar i 

Soe Fo BOP et wt Ee | ae at) ee eo ed a.f es emerte A oe ee) ST ee i ad Le ‘ o o U 

Bibi 6 Fob aod tele Pere Te ee pec eer aee ee oe Lod | aL dh ‘it e SENT i ’ er ten a oe art a 
6 sheep ten Sa Ahtés.e ere havi Ce eae oe | ’ PAL ae ee re Ye ae at Ae a a fe ar] a le Zee ee et ee | ry ry o. 
a LY ee el ae te Presto tidet apg oid CHE eledteirg thd 6 PERS Te 2 2 ee Xe : 
iy ad Sr reer mee Le TC eet Te ee ee et ad a a ee ha el I eT ee, ‘ qa" 
a ee ae 1) ae ee Ae ee) PP ie vere ee a ee. a oe ee 2 ee or ar ee ee a Cr a pe r PF oo ft nan A n o 
re A oe ol ee ut oF Oye af oe a oe Cae | a on Bee rT [a a 2 a rr ed # qf, 08 ae | ' US aU? Te teeeaeay Wael ek ‘4 . 
v é ye ae TY a a oe a eo ‘ ay i te ew ae Rb be @ é cot Pr rd a Age ¢etoe | “ef e tt c eae Fy ' a) f 
“8 Pee ae a Ye Ae Pt Oe A cal de A ee et ae et 7 Po a) ee | P ya ee 4 ee ee 2 ie vote ge t's oe Pan) é n a) 
Ce a ee ek ee Me ee i Oe oY a A a | sett 2 FG shta ee ot ir f r ' ra g Po 
ee Oe ae i i ne ee a ae ee A a. ne | a a ee ee Le i ‘ : ee ee oa 
rs 7] Po i ay ee tt Le ee rr) F fAuwdé Ci et A de () o@m ordi Os Pa vartl ea a ae 2 5 . ¢. Pa ir ' 4 
Pe a ee ri) ny fous Poe ee ee a) ot ae | es a ar) ‘? a 2 we 2} Yeon a n a er ' D e t ‘ r) 
Oo ote 1 0 doh @ 7 rie. fepde ht ee ee (Are £ Pa ee! OY a , e 4 Uj “ A é,@ ¢ , re A . ( ’ 
i 0 8 CT a ae a 2 Lee ot et CO 2 Cee LT ae ee F @r ¢€.4 ewe a osatog¢ tn ee ee a e Pa | , a ee * ae oe @ 
' ‘eee le Tr oe eee eet Pe ee ee ee e414 on bit wot @ a i oe Pe ae ae ee ee is ‘ Pan} Pg a é ef ‘ i] 
y) 4 oferees ys ote we 4a i i a PL ey ee ee ee ee Oe Lt et t+ oe Pe ae eee) td Oi ‘ ‘ f oa ' u 
ot C tread tlaudss @MAatla Ee ie oad ee ee ey Se De 2 S30 te ft r ars te oe Secaye ace e res ong, roam ‘ oo 
La | ae | ait ote ad i co ua! whee oowe ' oe: Pe) ae Pa Pd Pl fo. c a) a? " e ¢ A . 
rue rare P 8 6 ketie a ia "44° a ee oe eae ye ei a | Pay ae | a ¢ a re é At ten bak a} e f 
ee ae oe i ee ee) ee ee a ox te CT) 2 ae a | , re me 2 Pe Le et ne ee #4 m4 o . Ad ‘ 
ea? eT oe AC a) 2 oe Ce a ee ee a ee eo | P i ae an r ye ee ee rd 71 .. . xf " oa 
Pets c wel Pees Tee SS oR Att ee ee ed 2 ee oe i a 2 ae A | a Caer at Diet ek ye ee Jet Vr Vey ee “oa oy Je oy 5 
‘ Pare are we era ey ey a. re rs Yaa re et ee a ee ee de r Pe? ee eas ¢ ‘ PL ie | ote tog ee ry ' ots ow 
OF Ts Bit ae Pot ot LEOVMIE Le ’ aa ¢ an Loe Ce? Se ae A ‘ Pry Ae et ee) Ch ed Pe heel ee . a) U ed an Ce ye . r ‘ 
7 i) ire eee ee oe i ee ae 2 | a oe ee ee ee eT rae ' i er as i ° a) ® A i 
a a ery Pe ek ee ae ee re ee Pi Ty ae ee 5 Ot ot Te a a a) a a os ‘ ° 
, a a, Pr Tt ao Pe oT rir rr. Pi a ¢ gw T foe ° Ae ¢ a A tn x 2 ° | Cd ee e rd e 
Py ’ ° ad wy en doe ee otis Tan | Ye oe a | o &§vPtiae U . " i Pn " F Pe or D " 
a) er dieu a2 Paroerer Pre ie are ry ie ee te ee a Yd i a ee efere one ° ‘ff + 8 ad ‘ ig e 
e oat a te soe - oy a ee eee ee ee Pe ee s? fa x a oe ee ee Le n ‘ : . oot Cr a ‘ y s o o Ld 
ee» ee ee Che hele et EF OS Ore of th > ae en ae a a a! a ae a) or éee rd p 4 os ¢ ui @a ty nse die ie ise Tae gee a . ee , 
r ¢ Ut a ovnt lt 2 ae a ed rl oe Pte we S re er Ae ‘ 4 1s Pa este ‘ s ‘ot o ° e n 
ae J i a a et | Po rer pe ye ée0%oa? eée a ad a A eh ee 2 te $6 tee C a a ee e Py ‘ 

" ee oe Pe ee oe er oe Ze ee ra Te et ded oe @odsder * se a 2 f A a rr | f aa o 7 
Pat) eer Our th étnasaaod uv iat i ee ee ae ee ace Poth £4 ts KX eet eal Te et rf oe 7 a) a ee a a | ‘ 
oe setae ar a ee a ey Oe ST oe ee et ed sor ° ee Pe ae. Pe Le ee ‘ » ‘@# r Fi , e , ‘Fr on 
a er Pe ee eT Os ee e S a a ee : 2 ee f a rae sf r ‘ ‘ ode M ] ‘ ot 

Pi) e P Pry) ee a Pa De , a Pe a a Pe oe ie a ee ae wa a fe eae oteae é c an ar 2) ra P "04 rae e414 ' s an) 

rae . Ce aie i) YY a a Oe i ot oe ee ee ee ' Pa i) a ey oer ee r ea a) Pa Te oF ae) .¢ ran) 

Pa rat a4 - ee er | ee ae © ¢ ot td 2 t re ae od ee 2 ee 2 ee i a a) @a4¢ 1 t a) r o®% 6 
4 ¢ dbeit P rr ee er) ee ee ee ee 8 6 Oadess ae c a ar F) 4 Pa oe ra ’ 1" fé D ar] O P ee a a i] : 

“ef é Py Pl ar. oe ie) for ‘et * “ i) Se ee 2 ee ee a fee f a . ry o ‘ 7 ao an e 

a ee ar oe vm th ee ae Mee | ° a ae ee ee a ae fe, tae ane Fa eee ete tt we aa ‘ a o *e ] a r 4 n 
fa ed ar ny on i ey a "ee 1 @ duce of a A Oe a ee Pd ar a. D r d e os ‘os e+ r Pea e o ‘ 
a fe # so * & % gs Fe a Pa oy a a a Ft ado ‘ ofeet | Pay r) + : A e F e 6 ny et a 

F ja dit art a An 2 ee. 2 a a ee a ¢ # ¢ # @.4 oe e ra | a r Pa e # ‘ a | 

Pe a P ee ee ts a ae ae Oe ie a ee eofate es * a) Pe cd fs * c , 0 

‘ F ee ae F fesodend Ud Pary oe a an Pe aa 2 e ya) ry a pF F r f * Fa o ran] : On oD 
r ¢ Pe St ee ee ed fiw rr ae a OO Aa Aa Pn Pa Par eh? ee ee ee eo? 7 ef a or er) oe a en 0 

a ae; n Pe re a ee a ae | 5 a oe fet fs beoke in *.¢ fee ta fe Co ee ‘ og P | S os o 
. eT ee en ee eee a i a) a er ee ee Reenter ray eee De Fy open Pn rl oan er fae ee A 

: a) er) Pee ee ee LZ ee ae 7 ey) ee a ae P ary Pa ar | g rd og ts a Cr 
cere oe Pee i ae a) Pr et | ae ¢ a e r Pe ar | Dian e' @* ‘se@eqere ae - e ed¢ Py PF bee Ce ae | e en | r P ‘ 

ae a ee eo ’ os 4 er e4 ads Pt ae 2 we P ALT | i a F F ie oo [a é e ® of ei © a 48 t o rin) ® 

} 7 et a te a Pa a tt A ee A ee of Coat . ee teotert a ae ee | F] P Pa er o S a) i D Par A O é te 

ra a a ote vee : hd . oT tun © s ‘ vis , an a) Pi as a ae] wisvae er Le ha a ‘ a 0 a a ¢ 1 . 
* é oe @ @ Me a I tk cad Ae an . Pee ar ier rar Pe or] ra ren U et r er Y o ‘ e 

Fe 4 a8 Pete ¢ | Cia Ta er " ri é om ef Pat tes 5 ' rr ee ie ‘ad ef ne i e : u 7 ' ‘ 
‘ 4 a Pe rr Peay e e o et e¢gugme PP i a) F 2 5 p Pa Para. ad A Pn) a ae ¢ 1 ry E ' t 
Far to SP tard er’ r rd i a aed ee hs ts F] a P ate » be é nd =< (er a aet eo. oe *. Pa ae | ‘ 6 e od ee e 
Pa Ps f ae a ae é T} + a P a rey Sere ar) . 2 ‘en Deo ad e O . rd ca ee f ‘ oO 
c o ¢ te i en ee ae 9 2 aor Ce a ee) Fwesesaée ne eat dad or Pa Fl har A Pay e a ae ml Pra Py , ar) aa 
Pe a | wert té . of > a et a a ee ee Pe “ a. P ° A ar pa er oe ‘ fr ee J ee Je eee sé ee | 
a od rl oe Pa ee Pr eet , 7 Par P fa) oa. * a O 5 A o rl " r 
he oe @uaeéd « fe 7 a a a4 " ¢ ‘i Pe at ee ‘ Pa ‘ ‘ A Pe | n i 4 e 
a ee a ee a. Za oy te -« # a» 6,0 erie e hat ay ee. 1» oie 8 ay i a se od e o ss 8 . 
rs A a A eet * a Pe ers ha ow Lora yy. FP ras “4 ¢ ‘ oa, Pan] ea a 2 Pa, 7 ' - Fa F F 
eo of eee ny « a » ef Ce ed a a ee ae D f . ry e pex . Pa o @ et , 
“ Ce ee ee i  ) | e fees Pr ‘ fas . ar feo Ff « P ’ e Pi e D 
- ae a ee ae as re Tt ol Te eee ? bd a Se / é : s oe a 
ar Pa oy var ara - othe P he a ee ria at . Pry e ey eee f ' Pen toe Jee lee lar. ‘ ‘ ite 
ar ete ee ee ae Br Pa re a ae e aXe ere er al » * : a e7 ef aoe 
° ” a aed o¢+¢e 7) efee ear , a Pare a; o F) we. * PF S Peer e , F rd . 

























































nl 
a 
5 
e 
Fl 
1 
F 
F 
f 
5 
e 
0 
A 
: Pe ye 
Se ad a he ny SS th 7 An) >» % i | ae a nN . 4.° @e od nl b * an! im a : bd 
Cals ove ™~ % Wwe see 2p atr a oe $m 4 i eh eX ar an BS Car) er J Y o ¥ 6 r oF 0 
PY ro ail tel San eT te dt a, Tn 2 r A ew ,* | ' a a) Pa see % r \ foe he Pi 
, a) a ® ie toh eee, eT Te ~ S ay ’ . * a, , er eer Sg , nl , * ee - r . ae 
Ah te Pan MO By g Ae ere . tyuc erent A Bd Ce | . ae. P ' ‘ i Pa | 
, 4 ee a I ie | oe oe oe a 7 ava % ¢. a ae an 2 riers ‘*! rf eer te es ® ee 7 a or Py Pe 
CLR ee * UY q eh -¥n ves 4 "ss ea) . 3 Dar a a | ed . Td : s 
&& ee 1% ’ OWT ad e4 NV & i 12 a ee a) + are . a) ry * r ad i : et i 
cw = ™%* ee ee - 7 ea Pa #a' ey f a F 
bedi eal ee Wed i es Pe Te | a E ‘ 4 a rr c a H o' ae 5 > | Sider 
te beet he » * a Si Ce ae ae hd 1 ‘ aus . 4 , . : " : salted 
e J * way eS ee ried ee "I % a ry a i % ‘ iu . Sy , lh 
» oh oe. ee | gretm™ “~ -ue a ati ee A ee J - ° ® s ary J ] ® 
. Poa | yar) i a os i fs ed) Se mE 3 er) a ee * , - y mnt my te ry e414 ; 
aye Mee i Jee Ih A a i sed J J 4 ar a 4 ae ry ¥ i) ry J ae -f s! is o 
- en ee ee re a a we & a id a! 4 ‘uk a , 5 fT A . ' e a8 , r 
Py S on & Y Pre ro > Poo ees ee ¥.% 8 4 ) ‘ ri r id Fi ® rn) * Pa = r.? 
\ “Parte sqdw eg Te | yw A ae i i ® t ae ary ars : f res ler F a ry as A ' : 
i ee ee oe ere a ve te he ee Ce ed Le a an wT ee ras a. yet 1% a a a he a 
" Se varnQR Es we « Se Se ee ere 1'e r at ee Sa re a eae acs A tL oo 1,! & ° Te at a P 
eS Ore oe es ed ee es Be i ee oe a e + 8% 2° a Cer a ee e-e uh n a ' bd ‘ 
my ee ye ae ee e 3 * ba e 2.4 ny Rt % m&®, rae A » al dl a 8 ‘ LP 
| oe Ae ae ee i ee hk : om, ion ae Bd i nr? Cy aera 8 a P err ie a ies . Pe 7 . 2 - 
é e a ad a °& I Tr PUM e055 Vt ES PY & oa % * oe Fr) e # ¢ 4 ’ ian 7% a: D a : 
Y a i ae Pil Tis hi ar An | ie Wa Te, a =.1 6 aa el 2 . . = >, 8 bd A r F © ° 
» Se tet SA a de) a ee ae a | me ets nk Sa ° *” +8 ‘ uh o se > 3 ‘ Cee " 
ws Pe eR el em os a eee ee S YX EY von Peron wae ie ee art o% oa Caer ee eae ‘ S11 
1 it oe ee a | Cee ee Wk a, Se ..?% i oes bl ad ea an ie 4 ae : 
® | a weet & Yih « Ce &y v4 ao Ce ae ae a ee & Cee , ar | 1# aya » | 5 ® ‘ nh 
oe Sicha A Mkt Oe ee Wi CP ate Tn 2 Pe Se | Se are ee rn an A oa sie ANE Hi ; 
a Gey omen y ASR Fe He Hwee VEE | Ob 7 , wWedt pues | ace 7 ripen Jen ents th wt +8 ar 5 ets % : 7 , 
ee et Ue Oe ear Ce ee a ee r a f ory HEC ewer an A 4" bee ‘ P % 5 ae a8 a ‘ 
Be ny ak an eo ee | ee ey ee RINT) Gite he Ste | eer a ~% 4s ave vi ; as a | o ri oe P "4 ' " 
ae arm vw & Gh A 4H CT i oe i ee ee ie a ee 2 Cr a wr yar ee SON Yom ar ere a | ar) ’ if a ie = ; ' 7 
te ee os ok le . o, bah oe = A Ad a ee a a Po | \s ar et at) aa ae ‘ oa ‘ P t a bd ® e 
——w A ee ee ee ha 2 a oY 4 4 ee ee , Per oa’ mn 4 * o e: D o * ee ¥ ee 
es - ri A er aye hee tk Co a ae ye oe err ; . rear ee AT \ An 1.09 8 4 4 ‘ 
a My Th LS Ted ta Le eee ae a et ee ee ee ee % ran | A Peer ee yr vars 8 Cg. an + Fi A , a i 7 
oe th td ob Pe bh P a ry 8 ogtyh Me EBL 2 ° ao! & 2 " * Pa a 2 ee Ys m LY ",¢ ‘ a r % ‘ % 
. Ce eae ioe Pe ed) ae tk ee i ol a wr Tt on el 2 ae ga =, ebBaAt wee 1 Ug. “yea eee I Yee ie Tie Fen | f : 7 ast 
Spleen yh ."anie i ee Te 2 en ewyrté Te Le a ey ae | ar} a) A 5 P r ; F f e 8 iy? 
eh eae T. 24 °Q Vator @ § th be 8 eo ere L@Uowsryee ’ Or ee | eee) , F ae ra ; 
Bee Ty rn 1 we as P 7h e Sauer pret ry eras ne ae e f 5 * , te a P 
ah uve a ae ee eae CU | 5 4 r 7 P 7 a9 9 eo te ] O 8 a ‘ n o o¢ 2! e OD 
Te aks ‘ees a ead Se | A wi Wee far a | ‘ Pan] LY a f $ ® ‘ 
Ch A MraeT ie he So me an oe oe Le 7. 2) ee ee as id " ar a) . ‘ rad A aS o 5 7 bd e. 
te 2 a eh ee ‘ ei har, Pama eve Te, y 1's or er ri Fi * Cd Sanam ar) y os 7 
dee Tid . i CUP Bet G ET VAI AY, ARH DT UVa. t é tt b a ee: Ped ae Fea y 
aimee. & aK YT ef ake Ok Ae ee Se i are set, Caran 7 bod 6 y a * aye ° ; 
i vee LT | ree WMHS 4 it nt - 164 a oe a. Yi. me’ <a Ae a oy 5 a Po | ee ee i D 
] Lt i ew ft ee SiNtw en ot ¢ bh SE tre et. 2 > ¢ rl air A ny % ry e m6 o » 5 o n 
A ee ah moe gf ee ee 2 a an ee | » 8 eee ae Oe an | - Pa ee | , 
ToT ie Rath he te ea ea LF bath, i, i os A La a el | Ce i i) oe La e it & rn . a | 4 ? % * os ee ra ' 
A ee ee th oe ee Nn On ee eS an ee fare ar i an oo , 
Fi de se , CR Pe Dee es ae ee ee ee Pe i a 1% Te - A ern 1 Pan A A A arr 7 
ad ee & Peet re ie he ee i PO $ @¢ivy ! ae ee r i ee © ae | ’ G e n | 
% Tet) MO em as Ste Le he reed Pr Pe ee ek ee . Ps | am | ae bY Ci oe Ad Z uy ‘ ‘ F 
Ue ae | ORR EHO O44 ay 8 ry vali hs ’ a ¥ 4 ay ae a - P a, i a 
Pee OTe SEH opty e. iy th te wh SE , Hep t PCr aL aes ier Phy ‘oo ” , 
eh ve © arate o 7 * rth ) . rh 1 e7AeTRasas 7 ra a ‘ a ' Di iy ae r 4 ' ' 
a We lia ee ‘ee a ee SRI 7 ee 7 ' Lae ere at de oR aera) Cn r ¢ S 
Cre ee eo oe a Tr 1 a! | i a ar a) b i Are r ra ry Par a ee oe or e ‘ P Fy ‘ 
he ce Tew hee ete hh Tk 1 7 ee Paar aera ree ‘ Een A ar, + : 
] eh ek © Uh et eI AR ae Rae eee oy ee rn ee) 8 a ro ae A a a] A S 
ae woe eT eter Re oe Oe Be + eel Lit Sa aro, ‘ rary Geli aad ‘ D ale 
M4 eee be a ie ee 2 ae] RPbrere eu at a 2. | | » 4 a ae r ry n A o 
se | Hee PA eh Fe tye Re a NM & ams Wot cee 1 H 7) soe VON pe. o % 98h 4 6 ee A ' i et o 
lc * M4 Th ee daa fh PR APE Ye! Pe nh ee) ‘ag p - rarer ee F » of , : 
: CTL r Lv ap ae j Pa | a ae a Pa) A an) a) ' ' ‘ 
’ 4 Wren Mens ty %! Fo ay Foti? eA ¥ < ni U an roe? eae, A an er 1% ar) , | ' ' ° 
. ke a "7 * Dy ue , at Gi ee he Cc ta | a ae a i ae eee | i . S ' 
ee CF - ra, * eae | Th. he ee eo ee Ly Oe t 5 5 D Par: r ‘ 1 7 P ‘ce. Py 
L ae te ai ou r h ceo me es Dh eh 4 aa) aq 6 = ° A pi o ‘ 1 ny ? 
AA AA ts Wd he 2 2 eh kh! 5 HY a ae ' "4 ma rn) ‘ ‘ 
‘ a Dee ML be hi "TL ake a ee ee oe wr) A MeL a a ee ery ° 
Pe ie . j 7 ae aa | a 3 ’ ca) a n i eh le a n I i n 
4 tek a t as] yy Ye 7) Le ee oe 7 af im | 8 ‘ é ¢ tC ¢ 





